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Abstract 
 
Obligate beach vertebrates are under-studied, and their foraging ecology in 
unique beach food webs is poorly known. This thesis focusses on the foraging 
ecology of a threatened obligate beach bird, the Hooded Plover Thinornis 
cucullatus. I aimed to: 1) characterise prey resources using cores and a novel 
Hydraulic Sampling Device (HSD) and 2) characterise the foraging ecology of 
the species by observing foraging behaviour. In the first data chapter 
(published in the Journal of Negative Results), macro-invertebrate fauna of six 
beaches on Phillip Island, southern Victoria, Australia were sampled in the 
upper and lower beach using traditional sieving and the new HSD approaches. 
On average, the HSD sampled a smaller size range of fauna than the sieving 
method, perhaps because of longer handling times and escape of larger 
individuals. The sieving method found more individuals and a higher species 
richness. Thus, the methods do not produce directly comparable results. 
However, both revealed more individuals and a higher diversity of prey in the 
lower compared with the upper beach.  
 
I analysed a large dataset on plover foraging observations, and examined the 
influence of environmental (season, zone and tide) and demographical (group 
size, age, breeding status) influences on foraging. The environmental model 
produced a better fit for foraging rate, and both the environmental and 
demographical models produced a good fit for foraging success. The ranking 
of the individual explanatory variables within each model revealed that, the 
fixed effects zone and season, from the environmental model, were the 
strongest predictors of foraging rate. Juveniles had higher foraging rates but 
lower success than adults. Adult plovers foraged more rapidly near the water’s 
  
edge but realised more success in the upper beach. There were moderate 
associations between foraging rate and success associated with breeding 
status (highest rate in pre-breeding birds; highest success in off-duty brooding 
birds) and season (highest rate during winter; highest success during spring). 
Minor variation in rate and success occurred in relation to tide (highest rate 
during the incoming tide; highest success during high-water) and group size 
(rate peaked at group size of three; highest success at group size of four).  
 
This study emphasises the reliance of hooded plovers on all levels of the beach 
for prey and foraging, across all seasons; and suggests that management 
which focusses only the supra-tidal elements of the habitat at specific times of 
the year, may inadvertently restrict access to critical intertidal prey resources. 
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Chapter 1  General Introduction  
 
1.1 Importance of Beaches to People 
  
Australia’s coast is tightly embeded within the nation’s cultural identity, 
economy and industry (Clark and Johnston 2016). The coast is intensively 
exploited for recreational opportunities, and presents primary locations for 
development and industries such as fisheries and tourism (Seitz et al. 2014, 
Schlacher et al. 2015, Clark and Johnston 2016). More than 85% of 
Australian’s live within 50 kilometres of the coast (ABS 2004), and the most 
prominent popluation growth within Australia has occured along the coast 
(ABS 2014-15) (Figure 1.1).   
 
Figure 1.1 Australia’s geographical human population density distribution in 2016, 
showing high concentration near the coastline especially near major 
population centres. (ABS 2016).  
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An important element of Australia’s coastline is sandy beaches. There are 10 
685 individual sandy beach systems on Australia’s 29 900 kilometre coastline 
(Short 2006). Sandy beaches are ecologically and socio-economically 
significant (McLachlan and Brown 2006, McLachlan et al. 2013). Beaches 
perform fundamental ecosystem services such as seawater filtration and 
nutrient recycling (Schlacher et al. 2008a, Schoeman et al. 2011). They also 
provide important habitat for a large variety of infauna, shorebirds, marine 
mammals, fish and sea turtles including many threateend species (McLachlan 
and Brown 2006, Schlacher et al. 2008a, Jarrin and Shanks 2011). Despite 
their ecological value, sandy beaches are often overlooked for conservation 
initiatives, and are among the most threatened ecosystems in the world 
(Schoeman et al. 2008, Seitz et al. 2014, Harris et al. 2015). Pressures such 
as sea-level rise and coastal development are evident and growing, and in 
some areas have already degraded sandy beach systems to such an extent 
that they are unable to perform important ecosystem functions (Schoeman et 
al. 2008, Seitz et al. 2014). Implementation of scientifically-based conservation 
management measures is critical and urgent, requiring enhanced scientific 
understanding of sandy beach ecological function, form and resilience (Seitz 
et al. 2014, Harris et al. 2015, Schlacher et al. 2015). 
 
1.2 What is a Beach? 
 
The physical structure of sandy beaches is mainly associated with physical 
factors including degree of wave action, sand grain size and slope (McLachlan 
and Dorvlo 2005, Jones et al. 2007). High-energy sandy beaches are exposed 
to wave action, and a range of morphodynamic beach types have been 
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classified according to the interaction between wave action, sand grain size 
and slope into reflective, intermediate and dissipative types (Short and Wright 
1984). Exposed, reflective beaches are steep with a narrow swash zone, 
coarse particles, little organic and water content, and waves that break straight 
into the intertidal zone (Jones et al. 2007). Exposed, dissipative beaches are 
flat with a wide swash zone, fine particles, large water content, and waves that 
break out from the shore (Jones et al. 2007). Most beaches are intermediate 
between these two extremes (Schlacher et al. 2008a). The intertidal areas 
constitute habitat for communities of animals buried beneath the surface of the 
sand (Schlacher et al. 2008a). Generally, macrotidal dissipative beaches 
support communities of greater richness, abundance and biomass than 
microtidal reflective beaches (McLachlan et al. 1993). The macro-infauna 
(MIF) of sandy beaches comprise many phyla, but are usually dominated by 
crustaceans, molluscs and polychaetes (Brown and McLachlan 1990). 
Defining characteristics of MIF are mobility, burrowing ability, rhythmic 
behaviour, orientation mechanisms and behavioural plasticity, allowing 
persistence within the unstable sediment of sandy beaches (Dugan and 
McLachlan 1999, Defeo et al. 2009, Scapini 2014).  
 
There are functional ecological linkages, including exchange of sand, organic 
matter, nutrients and the sharing of some species, between sandy beaches 
and the adjacent ecosystems sand dunes, surf-zone, estuaries and coastal 
lagoons (Short and Hesp 1982, Brown and McLachlan 1990, Jones et al. 
2007). The unique features of sandy beaches and their functionally linked 
dunes and surf-zones include: 1) Linear systems with long, open boundaries; 
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2) Malleable habitats, dynamic in their physical extent and environmental 
conditions; 3) Intense exchange of nutrients, organic matter and organisms 
across systems; and 4) Biological communities sourced from both terrestrial 
and marine species pools (Figure 1.2; McLachlan and Brown 2006, Schlacher 
et al. 2015).  
 
Figure 1.2 Conceptual diagram (reproduced here from Schlacher et al. 2015) of an exposed 
sandy beach ecosystem including dune, beach and surf. Prominent biota are shown, and four 
key processes that define this ecosystem and its assemblages.  
 
1.3 Beaches as Ecosystems 
 
A major function of an ecosystem is the biological transformation of carbon 
(Schlacher et al. 2015). Primary consumers and top-predators are integral 
elements of food-webs, as reciprocal predator-prey interactions cause trophic 
cascades that have powerful impacts on ecosystems, altering the abundance, 
biomass and productivity of a population, community or trophic level across 
more than one link in a food web (Pace et al. 1999).  
 
Sandy beach ecosystems are reliant on marine carbon subsidies, washed 
ashore or produced in the adjoining surf-zone (Figure 1.2; McLachlan and 
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Brown 2006, Spiller et al. 2010). Understanding the functioning of beach 
ecosystems requires the study of the primary consumers and their predators. 
MIF, defined as organisms retained on 0.5 mm mesh or larger (Bouslama et 
al. 2007, Pavesi et al. 2007, Bessa et al. 2014), and also large, charismatic 
elements such as predatory shorebirds (Moreira 1997, Dugan et al. 2003, 
Schlacher et al. 2008a); are critical components of beach food webs and 
carbon processing. 
 
MIF depend on inputs of nutrients and phytoplankton associated with oceanic 
processes that also result in deposits of beach-cast macrophyte wrack and 
plant matter (Dugan et al. 2003, Rodil et al. 2007, Schlacher et al. 2008a, 
Ehmke et al. 2016). Primary consumers include suspension feeders that feed 
on phytoplankton and associated particulate organic material; and herbivores 
such as talitrid amphipods, isopods and insects, which play an important role 
as decomposers of beach-cast macrophyte (Dugan et al. 2003, Bouslama et 
al. 2007, Pavesi et al. 2007, Bessa et al. 2014, Ruiz-Delgado et al. 2014). 
Secondary consumers, including crabs, isopods, polychaetes and beetles feed 
on drift carrion, suspension feeders and herbivores (Dugan et al. 2003). 
Vertebrate top (apex) predators; fish and shorebirds, utilise all trophic levels of 
a beach’s food web as prey (Colwell and Landrum 1993, Hubbard and Dugan 
2003). As such, changes in the availability of phytoplankton, beach-cast 
macrophyte, or MIF, could have implications for higher trophic levels (Varo et 
al. 2001, Dugan et al. 2003, Philippe et al. 2016).  
A key information gap exists on the ecology of MIF, especially on Australian 
sandy shores exposed to high wave energy. Previous studies on MIF in 
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Australia have mainly focused on distribution and abundance patterns in 
relation to wave energy, zonation and effects of disturbance such as trampling 
and off-road vehicles (Table 1.1). MIF in Australian warm temperate, mild 
temperate and subtropical climatic zones have received equal attention (Table 
1.1). 
Table 1.1 Studies conducted on the MIF of high-energy Australian beaches 
Source Brief summary of findings 
 
Climatic zone 
Dexter 1984 Distribution and abundance of MIF was 
influenced by tide. Species richness increased 
from high-water to low-water, and increased 
with decreasing wave action.  
 
Warm 
temperate 
McLachlan 1985 Revealed an association between the high 
density of beach cast macrophyte on a low-
energy beach with higher biomass of MIF, and 
the low density of macrophyte with lower 
biomass of MIF on a more exposed, high-
energy beach. 
 
Warm 
temperate 
Haynes and Quinn 
1995 
Insects were confined to upper beach, 
polychaetes the lower beach, and crustaceans 
spanned the entire intertidal beach. Temporal 
differences existed in infaunal densities and 
species richness at most beach heights.  
 
Mild Temperate 
James and 
Fairweather 1996 
The MIF zonation on NSW sandy beaches 
revealed that the high zone is dominated by 
isopods, mid zone by polychaetes and the 
swash by amphipods, glycerids, bivalves and 
cumaceans. 
 
Warm 
temperate 
Hacking 1998 Dissipative beaches harbour higher species 
richness, and abundance increased from high 
to low-energy beaches. 
 
Warm 
temperate 
Hacking 2007 Species richness and biomass of MIF 
increased from reflective to ultra-dissipative 
conditions. Although species richness is mostly 
related to physical processes, abundance and 
biomass are determined more by a 
combination of surf zone and climatic factors 
specific to biogeographic region. 
 
Subtropical 
Ince et al. 2007 MIF were consistently abundant on high-wrack 
beaches but either absent or extremely rare in 
low-wrack beaches. 
 
Warm 
temperate 
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Source 
 
Brief summary of findings Climatic zone 
Schlacher et al. 
2008b 
MIF assemblages on beaches exposed to off-
road vehicle traffic had fewer species at 
reduced densities resulting in shifts in 
community composition and structure. 
 
Subtropical 
Walker and Schlacher 
2011 
Experimental pulse disturbance by off-road 
vehicles lowered MIF densities and resulted in 
shifts in community structure. However, 
background variation in MIF density may mean 
responses were possibly not always linked to 
the disturbance. 
 
Subtropical 
Schlacher and 
Thompson 2012 
Trampling on the lower part of the beach 
resulted in reductions in total abundance and 
species richness resulting in significant shifts in 
community structure in the lower beach. Upper-
shore assemblages were structurally similar 
between trampling treatments 
 
Subtropical 
Schlacher and 
Thompson 2013 
MIF assemblages from 260 across shore 
transects contained distinct faunal zonation in 
a tripartite biological division of the shore, but 
with variability in the number of zones. 
 
Subtropical 
Cuttriss et al. 2015 Hooded Plover breeding sites had higher MIF 
abundances, species richness and different 
assemblages than Hooded Plover absence 
sites. Assemblages at breeding sites were 
characterised by more isopods. 
 
Mild temperate 
Davies et al. 2016 MIF on beaches exposed to off-road vehicle 
traffic experienced decreased diversity, density 
and shifts in community structure with no 
seasonal recovery. 
 
Mild temperate 
Schlacher et al. 2016 Trampling altered assemblage structure and 
was correlated with declines in invertebrate 
abundance and species richness. Intense 
trampling halved the abundance of sand 
hoppers, a principal prey item of threatened 
Hooded Plovers.  
 
Mild temperate 
Smith and 
Fairweather 2016 
Stormwater outlets along Adelaide’s beaches 
did not have detrimental effects on MIF 
abundance or richness. 
 
Mild temperate 
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MIF are small and exist in patchy distributions within perpetually dynamic 
environments (Defeo and McLachlan 2005, Schlacher et al. 2008a, Yu et al. 
2009). Sampling techniques need to be capable of efficiently and accurately 
extracting MIF from within the sandy matrix (James and Fairweather 1996, 
Defeo and Rueda 2002, Schlacher et al. 2008a, Gray et al. 2014). Utilising 
optimal and standardised sampling techniques can allow for impacts of 
environmental and biological factors on MIF to be quantified (James and 
Fairweather 1996, Schlacher et al. 2008a, Defeo and McLachlan 2013, Gray 
et al. 2014). However, a constraint on the understanding of MIF is that 
sampling techniques are basic, often inconsistent, and have not been 
improved for a substantial time period.  
 
1.3 Shorebirds, Apex Predators on Beaches 
 
Predators help sustain biodiversity by performing the important function of 
regulating ecosystems. Predators keep trophic systems in balance by exerting 
top-down control of ecosystems through predatory and competitive 
interactions with herbivores and smaller predators (Sergio et al. 2006, Ritchie 
and Johnson 2009, Letnic et al. 2012). The disruption of these interactions can 
cause cascading effects through lower trophic levels resulting in declines in 
prey species (Ritchie and Johnson 2009, Letnic et al. 2012). Due to factors 
such as habitat loss, fragmentation, overexploitation and persecution by 
humans, top predators have experienced significant declines worldwide 
(Myers and Worm 2003, Richie and Johnson 2009). They are also vulnerable 
to climate change (Walther et al. 2002, Harley 2011, Harris et al. 2011). In turn, 
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these declines have caused trophic imbalances and declines in biodiversity  
(Letnic et al. 2012, Ripple et al. 2014).  
In sandy shore ecosystems, obligate shorebirds perform the role of apex 
predator by preying on MIF, which themselves predominantly feed on beach-
cast macrophyte. There are six species of resident shorebirds that use 
Australian ocean beaches for nesting and foraging (Watkins 1993, Owner and 
Rohweder 2003). Two of these are experiencing significant declines: Hooded 
Plover (Eastern population, Vulnerable, IUCN Red List 2016) and Beach Stone 
Curlew Esacus magnirostris (Near Threatened, IUCN Red List 2016 and 
Critically Endangered in NSW, NSW Threatened Species Conservation Act 
1995). Other species are: Red-capped Plover Charadrius ruficapillus (Least 
Concern, IUCN Red List 2016); Sooty Oystercatcher Haematopus fuliginosus 
(Least Concern, IUCN Red List 2016) and Pied Oystercatcher H. longirostris 
(Least Concern, IUCN Red List 2016). Masked Lapwing Vanellus miles will 
also occasionally nest and feed on beaches (Bryant 2002; Least Concern, 
IUCN Red List 2016).  
 
Shorebird foraging involves locating prey using either tactile or visual methods 
before attack and consumption. Tactile foragers continuously penetrate the 
sediment in attempt to detect prey, making sediment penetrability an import 
factor in their foraging ecology (Mouritsen and Jensen 1992). Tactile foragers 
can use different methods such as swift and shallow pecking (Mouritsen and 
Jensen 1992), or distal rhynchokinesis, moving the distal part of their upper 
jaw when deep probing (Estrella and Masero 2007). Visual foraging involves a 
 10 
 
run/walk and grab tactic (Backwell et al. 1998). Birds can grab prey by pecking 
items off the surface of the sediment (Dann 2000); brief, shallow jabbing of the 
sediment (Grant 1984); or probing their bill deeper into the sediment (Dann 
2000). 
 
The vast majority of research on shorebird foraging has been conducted on 
tidal flats (Figure 1.3). Here, birds feed predominantly on molluscs such as 
mussels, cockles and other bivalves, lugworms and polychaetes (Beukema et 
al. 1993, Piersma et al. 1993) at low-water. On sandy beaches, the main prey 
items are bivalves, crustaceans, polychaetes and insects, with consumers of 
beach cast macrophyte such as talitrid amphipods and beetles, representing 
important prey for many shorebird species (Dugan et al. 2003). Foraging on 
exposed sandy shores occurs at all tides but including during high-water 
(Conners et al. 1981). There is relatively little information on shorebirds on 
exposed sandy shores worldwide, despite many species using exposed 
beaches for roosting, foraging and breeding (Dugan et al. 2003). The paucity 
of information on shorebird foraging on sandy beaches is emphasised in 
Figure 1.3.  
 
Understanding the basic spatial and temporal foraging patterns of predatory 
shorebirds provides a foundation from which to determine the effects that 
different environmental and biological factors may have on foraging behaviour 
and success. For vulnerable species exposed to a variety of environmental 
and biological challenges, achieving this foundation of knowledge is essential 
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for conservation and management. Such knowledge is required in terms of 
spatially and temporally relevant protection of key foraging habitat and prey 
resources. A key information gap relates to the foraging patterns of shorebirds 
on high-energy sandy shores (Figure 1.3). Shorebird foraging ecology is 
influenced by a range of factors (Table 1.2). On high-energy sandy beaches, 
there is particular relevance to the environmental influences: 1) season, 2) 
zone and 3) tide. As foraging ecology on high-energy beaches differs to that 
on sandy flats (Conners et al. 1981), demographic factors of shorebirds such 
as: 1) group size, 2) age (because they are obligates) and 3) breeding status, 
or current stage of breeding or non-breeding, are also important.  
 
1.4 Objectives of this Thesis 
 
The overall aim of this study is to characterise prey resources and to determine 
the basic foraging behaviour of an obligate sandy beach apex predator, the 
hooded plover. 
In particular, this study focuses on: 
- indexing prey resources, describing their occurrence in plover foraging 
habitat, and testing a new MIF sampling technique against the 
traditional sieving method; and, 
- examining the effects of different environmental and demographical 
factors on the foraging behaviour and success of Hooded Plovers.  
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Figure 1.3 Proportion of research effort directed at the foraging ecology of shorebirds on 
different coastal substrates, where research was conducted exclusively on either low-energy 
sandy shores, high-energy sandy beaches, or sandy or muddy tidal flats. From a total of 43 
studies, the lowest amount of research effort has been directed at low-energy shores, then 
high-energy shores and the majority has been on tidal flats (See Table 1A for specific 
references)  
 
 
  
Tidal Flats
81.4%
High-energy
14.0%
Low-energy
4.6%
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Table 1.2 Factors influencing foraging in shorebirds 
Factor Effect on Foraging 
 
Season Season may influence foraging behaviour by causing 
variation in prey activity and availability, mainly due to 
temperature changes (Yu et al. 2009, Lastra et al. 2015). 
Season also drives fluctuations in energy demands 
involving breeding and primary moult (Castro et al. 2009, 
Rogers et al. 2014).  
 
Zone Shoreline habitats represent highly zoned areas, where 
distance from the water’s edge is associated with specific 
microhabitat features associated with particular prey 
diversity and activity. The zone in which foraging occurs may 
influence the foraging behaviour of shorebirds through the 
availability, distribution, abundance and activity of prey items 
throughout their habitat (Yu et al. 2009, Veiga et al. 2014).  
Tide Tide influences the amount of foraging space available and 
the availability and activity of prey (Yu et al. 2009, Jarrin 
and Shanks 2011) and the influence of tide is dependent on 
the type of shore (Connors et al. 1998). On tidal flats, 
foraging generally occurs at low tide (Burger et al. 1977, 
Conners et al. 1981), whilst on sandy beaches foraging 
mainly occurs at mid to high-water (Conners et al. 1981). 
These differences are related to prey availability, which is 
high on flats at low-water and on sandy beaches at high-
water (Conners et al. 1981).    
 
Breeding status Breeding status can affect energy demands and the amount 
of time available for foraging (Lewis et al. 2005, Pinet et al. 
2012, Bulla et al. 2015), reflected by corresponding 
variations in body mass (Weston and Elgar 2005). 
Restrictions on foraging space related to breeding territories 
(Weston et al. 2009) can also affect foraging.   
 
Group size Group size may influence foraging behaviour positively by 
providing predator avoidance benefits up to a certain group 
size; then negatively, by increasing competition beyond a 
certain size, especially under conditions of reduced prey 
availability (Fuller et al. 2013, Bijleveld et al. 2015, Yang et 
al. 2016). 
 
Age Juvenile shorebirds may have to learn the skills required to 
forage as proficiently as adults (Van den Hout et al. 2014). 
Juveniles may also be forced to forage in less productive 
areas due to competition interference, disturbance or 
predator avoidance (Goss-Custard and Durell 1987, Van 
den Hout et al. 2014).  
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Factor Effect on Foraging 
 
Disturbance Human disturbance can reduce foraging rates as birds may: 
1) spend more time being vigilant rather than foraging, 
and/or 2) become distracted and unable to concentrate on 
capturing prey (Yasue 2005). Human disturbance such as 
trampling can also affect foraging by reducing prey 
availability (Schlacher et al. 2016).  
   
Migration To fuel migratory flights birds periodically gain fat deposits 
to facilitate the mobilisation of energy during long distance 
flights (Johnson 1985, Kersten and Piersma 1987). The 
increase in body weight requires increased daily food intake 
(Kersten and Piersma 1987).  
 
Prey density Shorebird distribution is positively correlated with MIF 
density (Colwell and Landrum 1993, Cuttriss et al. 2015). 
Energy intake rates generally increase with prey density 
(Jeschke et al. 2002), however species specific digestive 
constraints and prey quality are also influencing factors 
(Bijleveld et al. 2016).   
  
Predation risk Avoiding predation involves foraging costs described as the 
foraging-predation risk trade-off (investment in foraging vs 
anti-predation behaviour) (Cresswell 2008). Reducing 
immediate predation risk leads to foraging in ways that 
result in non-lethal fitness consequences including slower 
growth, reduced reproductive success and reduced foraging 
rates (Cresswell 2008).  
 
Time of day Nocturnal foraging abilities varies among species (Yasue 
2005). Nocturnal foraging may reduce diurnal foraging as 
energy acquisition is spread out. Some species alter from 
using visual to tactile foraging methods from day to night, 
such as Willets Catoptrophorus semipalmatus, or may be 
well adapted to visual nocturnal foraging, such as plovers 
and stilts (Jojas et al. 1999). Some species also may 
display different diurnal and nocturnal prey selection (Rojas 
1999, Yasue 2005) 
 
Thermoregulation Energy requirements for thermoregulation increase with 
distance from the tropics (Kersten and Piersma 1987). In 
cold conditions, birds have a greater food intake and basal 
metabolic rate leading to physiological acclimation and 
improved thermogenic endurance (Vezina et al. 2006).   
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1.5 Study significance 
 
Clear data deficiencies for biodiversity and abundance of coastal invertebrates 
in Australia were identified in the 2016 State of the Environment Report (Clark 
and Johnston 2016). Rectifying this, in part requires more studies of MIF of 
exposed sandy beaches. This study addresses this requirement by indexing 
prey resources of an apex predator across all levels of the beach.  
 
Advancing scientific knowledge of coastal invertebrates requires consistent 
methodologies (Clark and Johnston 2016). By benchmarking a newly 
developed MIF sampling method against the prevailing “standard”, this study 
helps justify the traditional sampling method. To achieve overall consistency 
in the sampling methodologies used in MIF studies in general, the most 
efficient method available should be utilised for sampling. The importance of 
consistent and efficient sampling methods and designs for MIF has been well-
documented (James and Fairweather 1996, Schlacher et al. 2008a, Gray et 
al. 2014), with the consequences of inconsistent or inefficient sampling 
including biased abundance estimates, lack of power in analyses and 
descriptions of erroneous patterns (James and Fairweather 1996, Defeo and 
Rueda 2002).   
 
The 2016 State of the Environment Report argues that coastal environments 
are potentially the most “at risk” of all Australian environments due to their 
susceptibility to the simultaneous effects of population density, urbanisation, 
habitat loss, invasive species, agriculture and climate change. Of all coastal 
 16 
 
ecological groups, shorebirds engender most concern (Clark and Johnston 
2016). Shorebirds are also a top-ranked metric for assessing beach condition 
or measuring impacts of specific human actions on beaches (Schlacher et al. 
2014). The outlook for Australia’s environment depends on effectively 
addressing drivers, pressures and risks, in part through continued 
improvements in data and understanding (Jackson et al. 2016). This is 
reinforced by the list of priority beach research questions outlined by Jones et 
al. (2017), relevant to policy and management and guided by United Nations 
(2012) goals for marine ecosystems. The current study directly addresses the 
concerns outlined in the State of the Environment Report and Jones et al. 
(2017) by filling a knowledge gap in the foraging behaviour of the threatened 
Hooded Plover, thereby improving the data available on the foraging ecology 
of Australian shorebirds, and increasing the level of understanding of a 
vulnerable Australian obligate shorebird.  
 
Hooded Plovers face multiple threats from human disturbance and 
interference, habitat modification and predation pressure from invasive and 
native species (Ehmke et al. 2016). Future conservation and effective 
management depend on thorough understanding of foraging ecology 
(Schlacher et al. 2016, 2017), including a species relationship with prey 
resources, across different seasons Yu et al. 2009, Lastra et al. 2015), tides 
(Yu et al. 2009, Jarrin and Shanks 2011) and its entire foraging habitat (Yu et 
al. 2009, Veiga et al. 2014); and within different demographic contexts such as 
group size (Fuller et al. 2013, Bijleveld et al. 2015, Yang et al. 2016), age 
(Goss-Custard and Durell 1987, Van den Hout et al. 2014) and breeding status 
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(Lewis et al. 2005, Pinet et al. 2012, Bulla et al. 2015). As behaviour is the first 
“line of defence” in the face of a changing environment for many species 
(Greggor et al. 2016), this knowledge is important for conservation and 
management because it will help predict the consequences of rapid 
environmental change for a population, and also provide information for habitat 
requirements (Sutherland 1998, Ramirez et al. 2015, Greggor et al. 2016).   
 
1.6 Study System 
 
1.6.1 Study Species and Habitat 
 
The Hooded Plover; is an obligate, beach-nesting shorebird endemic to 
southern Australia (Western and Elgar 2005a, Ehmke et al. 2016). In eastern 
Australia, the species has an 8 month breeding season, during which they 
occur as widely spaced territorial pairs at low densities along high-energy 
ocean beaches (Western et al. 2009, Ehmke et al. 2016). During the non-
breeding season, individuals are more mobile and move to and around winter 
flocking sites (Weston et al. 2009). Hooded Plovers use visual searching to 
locate prey and employ a run stop search foraging mode, with individuals 
pausing to search for prey before moving to capture the prey item (Masero et 
al. 2007). Plovers can display behavioural plasticity in foraging methods, 
expressed in different parts of their habitat (Masero et al. 2007). Hooded 
Plovers are said to forage “opportunistically”, primarily on crustaceans such as 
amphipods and isopods. They also feed on insects (Weston 2007, Cuttriss et 
al. 2016). Chicks are precocial (Weston and Elgar 2005b) and fledge at 35 
days after hatching (Marchant and Higgins 1993, Weston and Elgar 2005a). 
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Breeding sites are associated with higher prey abundance than sites where 
breeding does not occur (Cuttriss et al. 2015). The species also shows a 
preference for breeding at sites with an availability of open sandy dunes and 
foredunes (Ehmke et al. 2016). These habitats provide refuge from high tides, 
storm events, predators and human disturbance (Weston and Elgar 2005a,b, 
Ehmke et al. 2016). For non-breeding shorebirds, habitat selection is mainly 
associated with prey and roosting habitat availability (Kalejta and Hockey 
1994, Drake et al. 2001) 
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Chapter 2 Assemblage, Size and Abundance Bias 
in a Novel Sandy Shore Macro-infaunal Sampling 
Technique 
 
This chapter has been published: 
 
Sheppard, N., Weston, M.A., Butler, S., Baird, B. and Dann, P. 2016. 
Assemblage, size and abundance bias in a novel sandy shore macro-infaunal 
sampling technique. Journal of Negative Results 11: 1 – 9.  
 
2.1  Abstract 
 
Sampling sandy shore macro-invertebrate fauna is critical in enhancing our 
understanding of beach ecology and conservation, and is a common 
monitoring approach. The traditional, and almost universal, method of 
sampling involves sieving sand to locate infauna, but here I describe a novel 
Hydraulic Sampling Device (HSD), a candidate method for future macro-
invertebrate sampling, which has the potential to be faster and more effective 
at sampling invertebrates. I compared the results obtained by these two 
methods. Macro-invertebrate fauna of six beaches on Phillip Island, southern 
Victoria, Australia were sampled in the upper and lower beach. On average, 
the HSD sampled a smaller size range of fauna than the sieving method, 
perhaps because of longer handling times and escape of larger individuals. 
The sieving method found more individuals and a higher species richness. The 
methods I describe do not produce directly comparable results. On balance, 
the sieving method is simpler, apparently not as prone to ‘escape bias’, and 
reports higher abundances and richness of beach infauna. 
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2.2  Introduction 
 
Monitoring and understanding the ecology of sandy beaches will enable 
enhanced protection of these vulnerable, dynamic ecosystems and the fauna 
they support, as well as inform ecological research in general (Schlacher et al. 
2015). This includes understanding not only the large, charismatic elements 
such as turtles, birds and fish, but also macro-invertebrate fauna (MIF); 
organisms retained on a 1 mm mesh (McLachlan & Brown 2006). These 
organisms play a vital role in the functioning of sandy beach ecosystems, being 
a critical component of food webs and thus carbon processing (Pavesi et al. 
2007, Schlacher et al. 2008a, Bessa et al. 2014). In a recent review, MIF were 
highlighted as one of the faunal groups critical for monitoring the ’health’ of 
sandy shore ecosystems (Schlacher et al. 2014). 
 
The importance of MIF communities in the functioning of beach ecosystems is 
highlighted by numerous studies around the world (e.g., Jones et al. 1991, 
James & Fairweather 1996, McLachlan et al. 1998, Lecari & Defeo 2003, Frost 
et al. 2004, Bouslama et al. 2007, Hacking 2007, McLachlan & Dorvlo 2007, 
Pavesi et al. 2007, Rodil et al. 2007, Chaouti et al. 2008, Schoeman et al. 
2008, Goncalves et al. 2009, Sivadas et al. 2012). These studies use various 
designs (Schooler et al. 2013) and adopt a variety of sampling methods 
including a range of corers or quadrats of varying sizes, sampling depths and 
different sampling effort and designs. However, one aspect generally held in 
common is the use of a 1 mm mesh sieve to retrieve MIF from sand (Schlacher 
et al. 2008a). 
 21 
 
Determining the efficiency and accuracy of chosen sampling protocols 
prevents a lack of power in analysis and wastage of resources (James & 
Fairweather 1996). The sieving method is currently the most widely used 
method of sampling beach invertebrates and is used as a standard sampling 
technique (Schlacher et al. 2008a). However, as for any standard technique, 
new promising methods are proposed from time to time (e.g., Gray et al. 2014). 
Novel or emergent methods, or new applications of existing processes, are 
often compared with existing techniques to assess the effectiveness of new 
approaches and to benchmark new techniques against traditional ones (e.g., 
De Bondi et al. 2010). Currently, there are few studies that discuss the 
effectiveness of sandy shore sampling devices (but see Eleftheriou & Moore 
1984), despite the fact that sandy shore ecologists have urged vigilance for 
promising advances in sampling methodologies (Schlacher et al. 2008a). 
Hydraulic expansion of substrate (back-washing) to separate materials of 
differing specific gravities is a long-standing technique used in the water 
treatment industry to separate sand and biological material (Degremont Acfi 
1960). Here, I examine the efficacy of a potential improvement in sampling MIF 
from sandy shore substrates using an apparatus employing the hydraulic 
expansion principal. 
 
Traditional sieving for MIF on sandy shores is time consuming, relying on hand 
capture or removal of MIF from the sieved sample, with the potential to miss 
or lose MIF resulting in possible sample bias. Although ‘closed’ sieves exist 
(and are recommended; Schlacher et al. 2008a), open sieves are frequently 
used on beaches thus there is the possibility of escape of more mobile MIF. 
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Sieving is especially difficult where sand grain sizes are larger (Schlacher et 
al. 2008a). Given the challenges associated with traditional means of sorting 
samples on sandy shores, and the ready availability of nearby seawater, I 
wondered whether a hydraulic solution to sampling might be possible which 
could improve the efficiency of sampling. I designed and constructed the 
hydraulic sampling device (HSD; Figure 2.1), which represents a promising 
new sampling method for sandy shore MIF. The HSD is a prototype designed 
to extract MIF from sand and if proven more effective than the sieving method, 
could offer a suitable alternative for sampling sandy beach MIF. The HSD is 
operated by dropping a sand core sample in through the top of a cylindrical 
chamber. Water is poured in through an attached hose creating velocity that 
fluidizes the sand sample ejecting MIF contained within the sand core out 
through a spout onto a collection plate (see Methods and Figure. 2.1 for 
details). 
 
This study aims to determine the efficacy of our newly-designed HSD as a 
candidate alternative to the traditional sieving method for sampling sandy 
shores by comparing the methods with respect to: 
a) the body size of organisms retained by each method; 
b) the abundance of individuals and species richness determined by each 
method; and, 
c) family composition determined by each method. 
 
 23 
 
2.3  Methods 
 
2.3.1  Sampling design 
 
The study was undertaken on six beaches on Phillip Island in southern Victoria, 
Australia: Anzacs Beach (38o32’16.71”S 145o19’57.69”E), Cadigan Road 
(38o28’20.92”S 145o09’37.61”E), Grossard Point (38o27’53.01”S 
145o10’29.10”E), Berrys Beach (38o31’07.69”S 145o12’14.34”E), Surf Beach 
(38o30’36.24”S 145o17’00.29”E) and Smiths Beach (38o30’19.14”S 
145o15’26.75”E). These beaches are similar in form and were selected 
because they are broadly representative of beaches in southern Australia. At 
each site a 15 metre-long stretch of beach was sampled and divided into upper 
and lower zones. The upper zone was above the last high-tide mark, the lower 
zone was below the mark. The upper limit of the sampled area was the base 
of the primary sand dune and the lower limit was the top of the swash zone. 
Sampling was conducted in late autumn and early winter 2011, within two 
hours either side of low-water. 
 
Sand cores were collected with a perspex cylindrical corer, 10 cm diameter by 
15 cm deep. Cores were taken at random locations at a minimum distance of 
1 m from any other core. For each sampling method, 12 cores were collected 
from both the upper and lower zones at each site (288 in total). Systematic 
sampling was used to collect cores, alternating samples between methods in 
each zone. 
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2.3.2  Sampling methods 
 
2.3.2.1 The sieving method 
 
Core samples were passed through a 1 mm mesh sieve in situ. Retained 
invertebrates were collected, placed in vials containing 70% alcohol, labelled 
and taken back to the laboratory for measuring and identification to family level 
(Jaramillo et al. 1995, Hacking 2007, Chaouti et al. 2008, Schlacher et al. 
2008a, Schoeman et al. 2008, Goncalves et al. 2009, Bessa et al. 2014). Body 
lengths were measured using a stereo-microscope with an attached camera 
and inbuilt length measuring device. 
 
2.3.2.2 Hydraulic sampling 
 
The design of the HSD was adapted by a hydraulic engineer (BB) from an 
established process for purifying water that uses a back-washing system 
(Degremont Acfi 1960). This HSD was optimised by informally trialling and 
adjusting the prototype on the beaches of Phillip Island. In addition to its 
sampling efficacy, I required the device to be light-weight (to enable 
investigators to carry it to sampling locations), simple and efficient to use and 
resistant to saline conditions. In terms of simplicity, weight and potential 
applications on remote beaches, I preferred a device that did not require power 
and had limited electronic and mechanical complexity. The HSD was 
constructed from a Perspex cylindrical chamber 10 cm in diameter (Table 1; 
Fig. 1). Core samples were dropped into the chamber through an opening in 
the top. Sea-water was poured into a funnel connected by a hose to the base 
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of the cylinder. The quantity of water added depended on how readily particle 
separation occurred within the chamber. Sand cores with small sediment grain 
size generally required two buckets of water, large grain size generally 
required one. I ceased adding water only when MIF had stopped accumulating 
on the collection plate, which I considered was a suitable standard protocol for 
operating the HSD. As the water was being poured, the funnel was held up at 
shoulder height so gravity increased the velocity of the water flow, thus 
fluidizing particles (the velocity of the water was roughly constant as the spout 
was held at a similar distance above the cylinder). The sample separated 
according to the specific gravity and particle size of its components. Organic 
material, including MIF, was flushed out through a spout at the top of the 
cylinder onto a plate. The invertebrates retained on the plate were then 
collected, placed in vials containing 70% alcohol, labelled and taken back to 
the lab for measuring and identification to family level. 
 
2.3.3  Statistical analysis 
 
The statistics package R (R Core Team 2012) and the R package lme4 (Bates 
et al. 2012) were used to perform linear mixed effects models to analyse the 
relationship between the independent fixed variables; method (two levels; 
sieving and HSD), and zone (two levels; upper and lower), and the response 
variables: body length, abundance and species richness. Beach was a random 
factor with six levels, and zone was also random as it was nested within beach. 
These random factors were not of primary interest but are included to account 
for correlation structures in the data that result from the experimental design. 
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Model assumptions were checked including normality of response variables. 
Log-transformation was required for body length. 
 
Consistency in family composition reported by each method across the upper 
and lower zones was modelled using non-metric multidimensional scaling 
(NMDS) using the R ver. 1.15-4 package ‘vegan’ (Oksanen et al. 2008). 
Presence/absence vectors were fitted onto the ordination using the function 
envfit (Oksanen et al. 2008). The ﬁtted vectors are arrows shown on the 
NMDS, where the arrow points to sampling units where families are present 
(Oksanen 2013). The length of the arrow; proportional to the correlation 
between ordination and vector; represents the strength of the gradient (r2). This 
is calculated using 999 random permutations (Oksanen 2013). Statistical 
significance was tested at the α = 0.05 level. 
 
2.4  Results 
 
The sieving method found a wider size range of some families, a greater 
abundance of MIF and higher species richness than the HSD. Overall, MIF 
found by the sieving method had average body lengths greater than those 
found by the HSD (Table 2.1, Figure 2.2). Conversely the sieving method 
appeared not to sample the smaller invertebrates as well as the HSD in the 
upper zone (Figure 2.2). On average, the upper zone had larger MIF than the 
lower zone (Table 2.2). The interaction between method and zone shows a 
difference in body length of infauna found by each method in the lower zone, 
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but not much difference in body length between methods in the upper zone 
(Table 2.2). 
 
I found a higher abundance and number of families of MIF (Table 2.2, Figures 
2.3 & 2.4) by the sieving method compared with the HSD method. The effect 
of method on abundance and richness is the same in each zone, however 
more MIF and higher richness occurred in the upper zone than the lower zone 
(Table 2.2, Figures 2.3 & 2.4). 
Table 2.1 Specifications of the Hydraulic Sampling Device (see Fig. 2.1 for the arrangement 
of parts). The overall dry weight (excluding peripherals) was less than 2 kg. 
Reference 
(Fig. 2.1) 
Component/region Detail 
1 Base to clear Perspex viewing 
cylinder 
Standard PVC flanges 
2 Fittings to connect inlet hose to 
nozzle 
20 mm diameter, with PVC 
washers 
3 Filter nozzle Standard 1 mm slots 
4 Bolts and nuts to hold base assembly 
together 
4 x (10 x 80 mm) galvanised 
bolts 
5 Inlet water hose Clear, 3 m long, 20 mm 
diameter, clips to suit 
6 Bucket 10 Litre x 3 (2 for seawater, 1 for 
water collection) 
7 Strainer plate 1 mm diameter 
8 Mesh cover Proposed fine wire mesh or lid 
to prevent escape of collected 
invertebrates  
9 Outlet hose Clear, 1 m long, 20 mm 
diameter, clips to suit 
10 Perspex clear tube 100 mm diameter 
11 Outlet fittings 100 mm reducing to 20 mm, 
standard PVC fittings 
12 Elbow PVC fittings to connect outlet 
tube 
13 Funnel Plastic, 200 mm connecting to 
20 mm diameter 
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Table 2.2. Results of three linear mixed-effect models for body length (logged), abundance 
and family richness of invertebrates found in the upper and lower zones of beaches (‘zone’) 
using the HSD and sieving methods (‘method’) and the interaction between these two 
variables. Significant effects are in bold. Results of random terms are presented in Appendix 
A. 
Response variable Predictor variable 
(reference level) 
df Coeff. SE T P 
       
Body length Method (sieving) 349 0.436 0.121 3.59 0.0004 
 Zone (upper) 349 0.377 0.166 2.27 0.0237 
 Method × Zone 349 -0.507 0.128 -3.95 0.0001 
       
Abundance Method (sieving) 13 1.146 0.271 4.23 0.0010 
 Zone (upper) 13 1.617 0.461 3.51 0.0039 
 Method × Zone 13 -0.736 0.367 -2.01 0.0660 
       
Species richness Method (sieving) 13 0.528 0.210 2.51 0.0259 
 Zone (upper) 13 0.728 0.267 2.73 0.0173 
 Method × Zone 13 -0.464 0.284 -1.63 0.1270 
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A 
 
 
B 
 
Figure 2.1. A The Hydraulic Sampling Device (HSD) showing its basic operation. B. A 
technical drawing of the HSD showing specifications (see Table 1 for a key to components). 
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Figure 2.2. Median (logged) length ± 1.5 x IQR (interquartile range) of invertebrates found in 
the upper (dark boxes) and lower (light boxes) zones of beaches using the HSD and sieving 
methods. Dots indicate outliers. 
 
  
Figure 2.3. Median ± 1.5 x IQR number of invertebrates found in the upper (dark boxes) and 
lower (light boxes) zones of beaches using the HSD and sieving methods. Dots indicate 
outliers. 
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Figure 2.4. Median ± 1.5 x IQR number of families of invertebrates found in the upper (dark 
boxes) and lower (light boxes) zones of beaches using the HSD and sieving methods. 
 
The NMDS of family composition within samples shows strong trends 
indicating that the HSD gives an inconsistent representation of species 
assemblage, with HSD samples widely distributed around the NMDS plot 
space (Figure 2.5). In comparison, the sieving samples are close together in 
the NMDS plot space. Difference in family composition between the HSD and 
sieving methods across the upper and lower zones is largely driven by the 
invertebrate families: Exoedicerotidae (Amphipoda) (r2 = 0.62, p = 0.004), 
Cirolanidae (Isopoda) (r2 = 0.65, p = 0.001), Hyalidae (Amphipoda) (r2 = 0.35, 
p = 0.027) and Actaeciidae (Isopoda) (r2 = 0.54, p = 0.001). 
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Figure 2.5. Non-metric multidimensional scaling analysis (NMDS) visualization for samples 
based on family composition. The grey dashed line points to samples in the lower zone. The 
black dashed line points to samples in the upper zone. The grey solid line encircles samples 
using the sieving method, while the black solid line encircles sample units using the HSD 
method. Vectors indicate families that explain significant differences in the composition 
between samples (p < 0.05). 
 
  
Isopoda Cirolanidae  
Amphipoda Exoedicerotidae 
Amphipoda Hyalidae 
Isopoda Actaeciidae 
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2.5  Discussion 
 
Clear differences existed between the sampling methods tested in this study. 
Larger body lengths were underrepresented in MIF captured by the HSD in the 
lower zone. This may be a result of increased handling time inherent in the 
operating procedures of the HSD, which involves injection of water and 
collection of invertebrates from the collection plate (pers. obs.). Handling time 
is a critical aspect of sampling benthic MIF as longer handling time increases 
the chance of MIF escaping capture (Thorson 1957, Degraer et al. 2007). 
 
A difference in body length between sampling methods was apparent in the 
lower but not upper zone. A possible explanation of this involves: 1) the escape 
of larger animals associated with longer handling times associated with the 
HSD and 2) greater size variation of animals in the lower zone, such that in the 
lower zone, escapes of larger animals influence the measures of average 
length in the sample. Mainly larger, highly mobile crustaceans, such as talitrid 
amphipods, inhabit the upper zone of beaches (McLachlan et al. 1998, Rodil 
et al. 2006) whereas the lower zone is generally characterised by a broader 
range of different sized families, including smaller amphipods, isopods and 
polychaetes (Rodil et al. 2006). Therefore, escape of larger amphipods is likely 
to influence the measure of animal size in the sample in the lower but not upper 
zone. Both methods capture similar sized invertebrates in the upper zone. 
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The sieving method found a higher abundance and species richness of MIF 
than the HSD method. This suggests ineffective separation of MIF from the 
sand sample by the HSD resulting in the capture of fewer invertebrates. The 
failure of the HSD to effectively separate MIF from sand samples may be a 
result of escape. Many sandy beach invertebrates have jumping or burrowing 
abilities to enable tidal migration, avoid predation and desiccation, and to 
prevent being washed away by wave action (Barnard & Karaman 1991, 
Marques et al. 2003, Serejo 2004, Bouslama et al. 2007, Rossano et al. 2009, 
Defeo & McLachlan 2011). Amphipods may escape capture by jumping; either 
off the collection plate or within the chamber. Other invertebrates such as 
isopods and polychaetes may escape by burrowing in the sand within the HSD 
chamber, against the in-flow of water. While I detected the occasional escape, 
MIF on the collection plate appeared largely immobile; during optimisation of 
the device I did not consider this would have a major effect on performance. 
 
Whilst the sieving technique captured a reliably consistent suite of families, 
results of the NMDS show the HSD gives a more variable representation of 
family composition. The invertebrate families driving the difference between 
methods in family composition all have significant jumping and/or burrowing 
abilities (Friend & Richardson 1986, Barnard & Karaman 1991, Lewis & Green 
1994, Serejo 2004): Exoedicerotidae (Amphipoda), Cirolanidae (Isopoda), 
Hyalidae (Amphipoda) and Actaeciidae (Isopoda). The sieving method 
consistently overcomes these adaptations with a fast and simple mode of 
operation; the HSD does not. Longer handling time and a complex operating 
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procedure provide opportunities for escape resulting in an inconsistent species 
composition. 
 
There are a number of improvements to the HSD system that may increase its 
efficacy and utility. The analysis described here has revealed that some 
invertebrates may escape from the collection plate and this could be lidded to 
prevent animals jumping out (Table 2). More regular removal and cleaning of 
the inlet nozzle and the inclusion of an inlet valve would be likely to improve 
the separation process further. The process works most efficiently with water 
that is suspension-free, unlike the water used here which was taken from 
active surf beaches. However, the transportation of suspension free water to 
the study sites was deemed infeasible. 
 
Converse to findings of several previous studies describing zonation on sandy 
beaches (Rodil et al. 2006, 2013), the current study found a higher abundance 
and species richness in the upper zone. This pattern was unrelated to the 
sampling method used. The discrepancy may be due to physical differences 
between beaches such as beach energy, sediment grain size and slope (Rodil 
et al. 2006, Hacking 2007, McLachlan & Dorvlo 2007, Defeo & McLachlan 
2011), and biological differences such as wrack deposits (Urban-Malinga et al. 
2008, Rodil et al. 2013, Ruiz-Delgado et al. 2014); all important characteristics 
influencing abundance and species richness on sandy beaches (Rodil et al. 
2006, Hacking 2007, McLachlan & Dorvlo 2007, Defeo & McLachlan 2011). 
Seasonal zonation may also have contributed to the zonation pattern found 
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(Bouslama et al. 2009, Ayari & Nasri-Ammar 2011); sampling was conducted 
in late autumn/early winter, when amphipods occupy the upper zone to avoid 
inundation by increased wave and storm action (Bouslama et al. 2009). 
 
In summary, the HSD is an inferior sampling technique. It is more complicated 
to use and less accurate than the sieving method. Overall it also gives a 
smaller average body size, lower abundance and richness, and an inconsistent 
family assemblage compared to those given by the standard sieving method. 
Downfalls of the HSD lie in its inability to effectively separate MIF from sand 
samples, and to sample the more mobile invertebrate species. These 
shortcomings may be overcome with future design or protocol adjustments. 
While it is conceivable to enclose and reduce MIF escape from the collection 
plate, escape within the chamber seems more difficult to prevent without 
pressurising the water flow which would involve pumps and power supply. The 
latter adjustments would render the device less practical. The standard sieving 
technique therefore remains the preferred method for sampling MIF on sandy 
beaches. 
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Chapter 3 Foraging Behaviour of an Obligate, 
Sandy Shore Predator 
 
3.1  Abstract 
 
Foraging behaviour of obligate sandy shore birds occurs within unique food 
webs within highly temporally and spatially dynamic ecosystems, but remains 
little studied. In addition to the influence of foraging environments, intrinsic and 
extrinsic social factors may affect foraging behaviour. I analysed a large 
dataset on Hooded Plover Thinornis cucullatus foraging observations, and 
examined the effects of environment (season, tide and zone) and demographic 
(age, flock size, breeding status) influences on foraging behaviour (foraging 
rate [bill movements per minute], and foraging success [proportion of 
successful bill movements]). The environmental model was the best predictive 
model for foraging rate, and both the environmental and demographic models 
predicted foraging success. The ranking of the individual explanatory variables 
within each model revealed that the fixed variables zone and season were the 
strongest predictors of foraging rate. Zone, season, tide and breeding status 
were all strong predictors of foraging success. Juveniles had higher foraging 
rates but lower success than adults. Adult plovers foraged more rapidly near 
the water’s edge but realised more success in the upper beach. Birds foraged 
with highest success, and at the slowest rate during spring. Brood-rearing birds 
foraged very successfully. This study emphasises the reliance of hooded 
plovers on all levels of the beach for prey and foraging, and suggests that 
management which focusses only the supra-tidal elements of the habitat, and 
only during particular times of the year, may inadvertently restrict access to 
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critical intertidal prey resources or risk disrupting critical periods of energy 
acquisition. Preventing processes that disrupt prey resources on breeding and 
flocking beaches, and enhancing prey resources through artificial placement 
of macrophyte wrack could increase prey availability. 
 
3.2 Introduction  
 
Sandy beaches are geographically significant landforms, dominating the 
interface between oceanic and terrestrial systems (Schlacher et al. 2015, 
Ehmke et al. 2016). They hold substantial value, both as economic and 
recreational resources; and ecologically, as habitat for a variety of unique and 
iconic species such as turtles and shorebirds. They are home to diverse 
assemblages of invertebrates, and also provide ecosystem services such as 
water filtration, nutrient remineralisation, nurseries for fish and habitat for 
wildlife (Barbier et al. 2011, Jarrin and Shanks 2011, Schlacher et al. 2015). 
Sandy beaches are among the most understudied of all coastal systems 
(Schlacher et al. 2007, Tomme et al. 2014, Harris et al. 2015).  
 
Uniquely, food webs of sandy beaches are characterised by the almost 
complete absence of primary productivity (Kirkman and Kendrick 1997, 
Schlacher et al. 2008a, Ehmke et al. 2016). Infauna, interstitial organisms 
buried in the sediment and larger invertebrates which actively burrow, is 
instead dependent on energetic contributions (‘subsidies’) from marine and 
terrestrial systems such as phytoplankton and stranded macrophyte and plants 
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(Kirkman and Kendrick 1997, Schlacher et al. 2008a, Ehmke et al. 2016). 
Infaunal families include interstitial bacteria, protozoans and metazoans; and 
‘MIF’ including crustaceans, polychaetes, bivalves and gastropods (Schlacher 
et al. 2008a, Defeo et al. 2009). MIF encompass predators, scavengers, filter 
feeders and deposit feeders. Amphipods often dominate sandy beach MIF, 
and perform the role of primary consumers and decomposers (Bouslama et al. 
2007, Bergamino et al. 2011). Sandy beaches are important habitats and 
foraging sites for scavenging and predatory shorebirds (Schlacher et al. 
2008a, Cuttriss et al. 2015). Predatory shorebirds and fish are the top 
consumers on exposed beaches (Schlacher et al. 2008a).   
 
The community structure of sandy beach MIF is regulated by physical 
conditions such as sand grain size, beach slope, tides and wave wash 
processes (McLachlan et al. 1996, Orr et al. 2014). This is especially true on 
high-energy, ocean exposed beaches, where the fauna exists within a spatially 
and temporally dynamic system (McLachlan et al. 1996, Schlacher et al. 
2008a, Cuttriss et al. 2015, Schlacher et al. 2015, Ehmke et al. 2016). 
Predation may also play a role in community structure, as it does in many 
terrestrial, freshwater and rocky intertidal communities (Tomme et al. 2014). 
The critical role of predators in the ‘healthy’ functioning and structuring of 
ecosystems is well-recognised (Ives et al. 2005, Sergio et al. 2006, Heithaus 
et al. 2007, Ripple et al. 2014, Tomme et al. 2014). The impacts of top 
predators cascade down through an ecosystem, ultimately affecting 
 40 
 
community structure with positive effects on species numbers and diversity 
(Sergio et al. 2006). 
 
Aside from coral reef studies, the majority of studies on predation in marine 
ecosystems concentrate on low-energy tidal flats and rocky, intertidal 
communities. Predation on sandy beaches, especially high-energy sandy 
beaches, is far less studied (Tomme et al. 2014). In fact, there are few studies 
on shorebird foraging on high-energy sandy beaches. With the exception of 
the Piping Plover Charadrius melodus there has been little research on 
obligate sandy shore species (Haig and Oring 1985, Burger 1987, 1991, 
Patterson et al. 1991, Burger 1994, Elias et al. 2000, Ehmke et al. 2016). 
Predatory shorebirds potentially play the critical role of trophic regulators in 
sandy beach ecosystems, and may also play a key role in habitat conservation 
of sandy beaches.  
 
Conservation of sandy beach ecosystems is becoming increasingly important 
due to ever-increasing threats posed by coastal development, over-fishing and 
climate change (Schlacher et al. 2008a, Harris et al. 2015). As obligate 
shorebirds are functionally dependent on sandy beaches, mainly nesting on 
the upper beach or foredunes, their abundance, distribution, nesting activities 
and breeding success can be used as metrics for beach health assessments 
(Schlacher et al. 2014). Assessments can include shorebird responses to 
specific pressures, for example beach nourishment; or to general threats 
associated with escalating anthropogenic pressure on beaches (Schlacher et 
 41 
 
al. 2014). Also, as iconic and charismatic top predators, predatory shorebirds 
could be used as flagship or umbrella species in coastal conservation efforts 
(Roberge and Angelstam 2004, Sergio et al. 2006, Maslo et al. 2012). Studies 
on obligate sandy beach shorebirds are therefore an important part of 
generating a comprehensive knowledge base of sandy beach systems. 
 
Obligate sandy beach species exploit both the marine and terrestrial elements 
of their habitat (Ehmke et al. 2016). They apparently rely on all features of the 
beach, including the inter-tidal zone, the beach and dunes to supply the 
necessary resources for their foraging, shelter and breeding requirements 
(McLachlan and Brown 2006, Ehmke et al. 2016). This suggests that their 
foraging ecology is finely adapted to the marine and terrestrial attributes of 
their dynamic habitat. In light of the spatial and temporal heterogeneity of their 
habitat, here I assess the effects of a suite of environmental and 
demographical influences on the foraging behaviour of an endemic, obligate 
sandy beach shorebird, the Hooded Plover Thinornis cucullatus.  
 
3.2.1 Environmental influences on foraging 
 
At the beachscape scale, the distribution of sandy beach shorebirds 
corresponds to that of the overall density of their prey (Schlacher et al. 2014, 
Cuttriss et al. 2015, Schwemmer et al. 2016). A strong positive relationship 
between prey abundance and foraging sites can also occur at a finer scale for 
some species, such as the Eurasian Oystercatcher (Haematopus ostralegus) 
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(Schwemmer et al. 2016). The relationship between habitat selection and food 
availability is also particularly strong for species that maintain breeding 
territories for lengthy periods, like the Hooded Plover. Hooded Plovers have 
low reproductive success, often making several breeding attempts per year 
whilst maintaining breeding territories for up to 8 months (Weston et al. 2009). 
Their prey, and therefore foraging ecology, is likely influenced by a range of 
environmental factors that can be unpredictable due to the dynamic nature of 
their habitat (Murchison et al. 2016). 
 
Temperate sandy shore ecosystems are subject to substantive seasonal 
influences (Leber 1982). Season may influence foraging behaviour by causing 
variation in prey activity and availability, mainly due to temperature changes 
(Yu et al. 2009, Lastra et al. 2015). From a birds’ perspective, season also 
drives fluctuations in energy demands involving breeding and primary moult 
(Castro et al. 2009, Rogers et al. 2014). Hooded Plovers have a unique 
moulting pattern, whereby primary moult completely overlaps with the 
energetically demanding breeding season (Rogers et al. 2014). Therefore two 
highly demanding biological processes occur concurrently, likely influencing 
foraging behaviour.  
 
Beaches harbour distinct ‘zones’ at different distances from the water’s edge 
(McLachlan et al. 1996). The macrobenthos of sandy beaches experience 
different levels of abiotic stress related to temperature, desiccation, irradiance 
and salinity (Veiga et al. 2014). These factors vary from the low to high 
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intertidal zone and promote the development of distinct, although flexible, 
zonal benthic assemblages (Yu et al. 2009, Veiga et al. 2014). The zone in 
which foraging occurs may influence the foraging behaviour of shorebirds 
through the availability, distribution, abundance and activity of prey items 
throughout their habitat (Yu et al. 2009, Veiga et al. 2014). Beach cast 
macrophyte wrack accumulates in the upper, not lower beach, where it 
provides an important source of food and shelter from desiccation for upper 
shore MIF (MacMillon and Quijon 2012). Therefore the abundance of wrack in 
the upper zone of beaches may influence the foraging of shorebirds between 
zones. Distance from cover can also influence the zone in which shorebirds 
forage, as predation risk from predators, such as corvids (Dowling and Weston 
1999), increases when feeding close to cover (Whitfield 2003). At longer 
distances from cover, predator attacks are less likely to be successful because 
there is a greater chance of the shorebird detecting the attack (Whitfield 2003).  
 
Tide is considered one of the main factors affecting foraging shorebird 
distribution and behaviour on marine coasts due to its influence on the amount 
of foraging space and availability and activity of prey (Burger 1991, van Gils et 
al. 2006, Yu et al. 2009, Jarrin and Shanks 2011). In general, shorebirds forage 
on exposed intertidal areas at low tide (Burger 1991). However, this pattern 
relates to shorebirds of sandy and muddy flats. High-energy sandy beach 
obligates may respond differently to changing tides as a result of their prey’s 
response to tidal activity. Prey of high-energy beaches have adaptations, such 
as high mobility, swimming ability, burying ability and orientation; that help to 
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regulate their position on the beach in a harsher swash climate (Yannicelli et 
al. 2002, Defeo and McLachlan 2005). This may influence the foraging 
behaviour of shorebirds on exposed sandy beaches. 
 
3.2.2 Demographic influences on foraging 
 
Whilst environmental factors represent conspicuous influences in such 
physically exposed habitats, there are also particular characteristics of 
shorebirds themselves that may directly influence foraging ecology. A 
predator’s habitat use and relationship with prey varies according to the current 
stage of its life cycle. For shorebirds, energetic demands, time available for 
foraging and mobility for moving between food patches all vary between 
different stages of the breeding season (Weston and Elgar 2006, Williams 
2005, Yasue and Dearden 2008, Weston et al. 2009). Prey used by adults and 
chicks may be entirely different, partially overlap, or may differ in early breeding 
season then become more similar towards late breeding season (Cohen and 
Fraser 2010). Chicks and juveniles may also employ different foraging modes 
(Durell 2000). Precocial chicks and juveniles are inexperienced predators 
(Santos et al. 2010). They are also more susceptible than adults to predation 
(van den Hout et al. 2014). 
 
Different demographic sectors of a population experience specific variations in 
energy requirements, foraging abilities (Hout et al. 2014, Jaeger et al. 2014), 
intra-species competition and predator avoidance (Hout et al. 2014, Bijleveld 
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et al. 2015, Yang et al. 2016). The foraging ecology of these animals is 
therefore likely to be influenced by demographic factors such as group size, 
age and breeding status. 
 
Adults often join flocks in non-breeding season (Weston et al. 2009). The 
majority of migratory species often occur in large flocks at high densities at 
their non-breeding sites (Zharikov and Milton 2009). One location can hold a 
substantial proportion of the world’s population (O’Reilly and Wingfield 1995, 
Zharikov and Milton 2009). Group size may influence foraging behaviour 
positively by providing predator avoidance benefits up to a certain size; then 
negatively, by increasing competition beyond a certain size, especially under 
conditions of reduced prey availability (Fuller et al. 2013, Bijleveld et al. 2015, 
Yang et al. 2016). Red Knots Calidris canutus, for example, forage in groups 
of 4000 - 15000 and minimise interference competition by utilizing large food 
patches (Bijleveld et al. 2015). 
 
Group size is usually smaller in resident than migratory shorebirds during the 
non-breeding season. On exposed sandy beaches, this may be because the 
anti-predator benefits of group foraging are gradually offset by increased 
competition for spatially and temporally variable prey resources (Silva et al. 
2008, Bijleveld et al. 2015). For example, resident Kentish Plovers Charadrius 
alexandrinus, in south-western Spain, forage in groups of up to 12 during 
winter (Martin et al. 2015); and the eastern population of Hooded Plovers form 
groups up to c. 30, with highest average flock size occurring mid-non-breeding 
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season, between April and June (Weston et al. 2009). Shorebirds on 
temperate exposed beaches may face a seasonal dip in prey resources during 
the non-breeding season associated with reduced prey activity in lower 
temperatures (Yu et al. 2009, Lastra et al. 2015). Non-breeding habitat 
selection by shorebirds is mainly associated with access to prey, prey density 
and roosting habitat availability (Kalejta and Hockey 1994, Drake et al. 2001). 
 
Age may influence foraging behaviour as prey species on exposed sandy 
beaches, such as amphipods, are highly mobile (Pelletier et al. 2011), and 
juvenile shorebirds probably have to learn through experience to gain the skills 
required to forage as efficiently as adults (Van den Hout et al. 2014). Juveniles 
and chicks also commonly forage more in the upper beach, as they use 
foredunes and dunes as refuges from predators (Weston and Elgar 2005). This 
may influence foraging behaviour as there are lower densities of MIF in these 
zones, mainly related to the lower water content of the sediment (Rodil et al. 
2006, Van den Hout et al. 2016). 
 
Breeding status may influence foraging behaviour by affecting energy 
demands and the amount of time available for foraging (Lewis et al. 2005, Pinet 
et al. 2012, Bulla et al. 2015), reflected by corresponding variations in body 
mass (Weston and Elgar 2005). Foraging behaviour may also be affected by 
restrictions on foraging space related to breeding territories that are 
maintained for extended periods. Hooded Plovers display high fidelity to 
breeding territories, which are spatially stable between seasons (Weston et al. 
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2009). Breeding birds are therefore restricted to foraging on the prey available 
with their territory. During the non-breeding season, mobility increases 
allowing birds to move between food patches (Weston et al. 2009).  
 
3.2.3 Aims 
This study aims to examine the relationships between the environmental 
variables season, zone and tide; and the demographical variables group size, 
age and breeding status, with the foraging behaviour of beach-foraging 
Hooded Plovers (foraging rate and success). 
 
3.3 Methods 
 
I obtained 1190 standardised observations (‘bouts’) on 217 foraging and 
individually-marked birds. Observations were conducted from September 
1995 to January 1998 on the temperate, high-energy ocean coastline of 
southern Victoria, a major-south facing coastline.. Sampling was conducted at 
32 beaches occupied by banded Hooded Plovers (Figure 3.1). This coastline 
has a semi-diurnal tidal cycle and a mean low-water spring tide height of 0.56 
m, mean low-water neap tide height of 0.92 m, mean high-water spring tide 
height of 2.32 m and mean high-water neap tide height of 1.96 m (Victorian 
Regional Channels Authority 2017). The region has a mild temperate climate 
with summer (December - February), autumn (March - May), winter (June - 
August) and spring (September - November).  
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3.3.1 Study species 
 
The Eastern Hooded Plover is a medium-sized obligate beach bird endemic to 
southern Australia. They prefer high-energy, uninhabited beaches with beach-
cast macrophyte wrack and open, sandy dunes and foredunes (Cuttriss et al. 
2015, Ehmke et al. 2016). Birds are said to forage at all levels of the beach; 
from the swash zone to the dunes (Weston 2003). Where available, they will 
also forage on rocky platforms. They feed opportunistically on amphipods and 
isopods, and occasionally insects (Weston 2007, Cuttriss et al. 2015). Pecking, 
jabbing and probing (after Weston 2007) are used to retrieve prey from the 
surface or just below the surface of the substrate (bill length is 18.75 ± 0.67 
mm [mean ± SE]) (Weston 2007, Cuttriss et al. 2015). Breeding pairs defend 
territories at variable, but usually widely spaced distances (Cuttriss et al. 2015, 
Ehmke et al. 2016) for up to 8 months, from August to March (Weston and 
Elgar 2005). The eastern population of the Hooded Plover is listed as 
vulnerable under the national EPBC Act (1999) (Department of the 
Environment and Energy). 
Figure 3.1. Hooded Plover foraging observation sites used in this study (black dots). 
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3.3.2 Design 
 
I developed a priori mixed effect models of foraging behaviour (foraging rate 
and foraging success) of Hooded Plovers based on environmental (Model 1) 
and demographic (Model 2) variables across multiple spatial and temporal 
scales (fixed effects) and included random effects to account for lack of 
independence between bouts (Table 3.1). Individual bird identification and the 
number of birds at each site during a foraging bout, by site location were the 
random effects.  
Table 3.1. Variables and random effects used in the mixed effect models to predict foraging 
behaviour. 
Model Fixed Effects Random Effects 
1 Environmental  = Season + Zone +Tide 
 
Bird identification and 
Group size ǿ Location 
2 Demographic  = Group size + Age + Breeding status 
 
I applied a multi-scale experimental design, where individual birds were 
observed using focal-sampling within distinct beach zones (Figure 3.2). The 
response variables were foraging rate and foraging success. 
Figure 3.2. Diagram of a beach profile defining beach zones in which observations took place. 
Swash is the wave swash zone, LL is the lower half of the lower zone, UL is the upper half of 
the lower zone, LU is the lower half of the upper zone, UU is the upper half of the upper zone, 
and dunes is the sand dunes (after Weston 2000, Ehmke et al. 2016). 
 
High-water mark 
Dune UU LU UL LL Swash 
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3.3.2.1 Response variables 
 
Observations of foraging behaviour were recorded from a distance using a 
spotting scope (by MA Weston) during circumstances when birds were 
undisturbed. At each sampling location, only tagged individuals were sampled 
to ensure psuedo-replication could be accounted for in the dataset. When birds 
were encountered (during ongoing intensive survey efforts; see Weston et al. 
2009) observations were made of the birds foraging behaviour (each 
observation is henceforth called a ‘bout’). Foraging bouts were quantified by 
recording the duration of time taken for an individual to make ten foraging bill 
movements (henceforth ‘foraging rate’), and the number of successful foraging 
attempts out of every ten bill movements (henceforth ‘foraging success’). A ‘bill 
movement’ is regarded as a foraging attempt when the bill is lowered towards 
the substrate, and generally touches the substrate, including pecks, jabs and 
probes (Baker and Baker 1973, Colwell and Landrum 1993, Stillman et al. 
1997, Durell 2000, Nebel and Thompson 2005). A success was recorded when 
swallowing of a prey item was observed. If any of the ten bill movements was 
occluded such that a success could not be detected, the foraging rate was 
discarded.  
 
Foraging efficiency has previously been described as the rate of energy 
assimilation by the body (Hainsworth 1974). It has also been related to prey 
size selection and total handling time of prey (Yamada and Boulding 1998). 
For shorebirds it has been described in terms of maximising energy gain 
through the proportion of time spent foraging (Metcalfe and Furness 1984). For 
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this study, foraging efficiency is considered a function of foraging rate and 
success. Slow foraging rate with high success indicates high foraging 
efficiency, fast foraging with low success indicates low foraging efficiency and 
levels in between are expressed by permutations such as fast rate with high 
success. A similar approach, using foraging rate and success to express 
foraging efficiency, has been used by Wilson (1990) and Shepherd and Boates 
(1999). 
 
3.3.2.2 Explanatory variables 
 
A number of explanatory variables, classified as ‘environmental’ or 
‘demographic’, were collected for each individual bird during a bout of foraging 
(Table 3.3). 
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3.3.3 MIF sampling 
 
MIF sampling was conducted to index prey resources at Hooded Plover 
breeding sites and non-breeding sites at different levels of the beach. MIF 
sampling would disrupt any plover foraging, and was conducted separately 
from foraging observations. To determine the general patterns of order 
composition and abundance within beach zones, MIF sampling was 
undertaken on 17 beaches on Phillip Island and Bass Coast, Victoria Australia. 
MIF sampling was conducted at 14 Hooded Plover breeding sites during 
breeding season, and five flocking sites during the non-breeding season.  
 
At a distance of 30 metres from foraging Hooded Plovers, a 20 metre long 
stretch of beach was sampled and divided into swash, lower, upper and dune 
zones. The dune was defined as being within 5 metres upwards from the base 
of the dune, the upper zone was between the last high-water mark and the 
base of the dune. The lower zone was between the last high-water mark and 
the top of the swash zone. The swash zone was the wet wave wash zone. 
Sampling was conducted within 2 hours of low-water. In each zone, 12 pitfall 
traps were set and 12 core samples were taken. 
 
Cores were collected using a perspex cylindrical corer, 10 cm diameter by 15 
cm deep. Cores were taken, and pitfall traps set, at random locations at a 
minimum distance of 1 m from any other core or pitfall trap. Core samples were 
passed through a 1 mm mesh sieve (Schlacher et al. 2008a, Schoeman et al. 
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2008). Pitfall traps were transparent plastic drinking cups, 9 cm diameter by 13 
cm deep. Pitfall traps were filled with 2 cm of water and set so the top of the 
cup was flush with the beach and left for 2.0 hours (Dugan et al. 2008). 
Retained invertebrates were collected, placed in vials containing 70% alcohol, 
labelled and taken back to the laboratory for identification to order level 
(Goncalves et al. 2009, Bessa et al. 2014).  
 
3.3.4 Statistical analysis 
 
The statistics package R (R Core Team 2012) and the R package lme4 (Bates 
et al. 2012) were used to perform mixed effect model averaging to separately 
analyse the relationship between the response variables (foraging rate and 
foraging success) and the fixed variables. The fixed variables for the 
environmental model are tide, zone and season. The fixed variables for the 
demographic model are breeding status, age and group size. The random 
factors were bird identity and group size by location. Mixed-effects models 
have been used to model foraging ecology and are primarily used for spatially 
organised data, where the random effects are often spatially grouped (Buckley 
et al. 2003, Dingemanse and Dochtermann 2013). In this study, the mixed-
effects models accounted for multiple observations being recorded on 
individual birds and an unbalanced design which may result in spatial 
autocorrelation between observations.   
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Including bird identity as a random effect accounted for anomalies in foraging 
behaviour of individual birds. The inclusion of group size as a fixed and random 
effect enabled the direct effects of the number of birds on foraging behaviour 
to be quantified, while accounting for variation in Hooded Plover group size 
between observation bouts. As a fixed effect, group size accounts for foraging 
behaviour that is influenced by group size. As a random effect, group size 
accounts for foraging behaviour that is influenced by variations in group size 
resulting from factors external to the group, for example, a disturbance.  
 
A binomial (link-probit) model was applied to test the foraging success models 
(proportion of foraging successes out of 10 attempts). Zone 4 (dunes) was an 
outlier for foraging success so was not included in that model. Foraging rate 
was modelled using a Gaussian model, with the data log transformed to 
account for normality. 
 
I used a model averaging approach to determine the relative importance of the 
a priori models (Model 1: Environmental model and Model 2: Demographic 
model) and the effect of explanatory variables within the 95% confidence set 
of each candidate model. I compared the candidate models by ranking all 
models within the 95% confidence set according to Akaike Information 
Criterion (AIC) and Akaike weight (w). The AIC is based on the log-likelihood 
of the model and the number of explanatory variables in the model (Burnham 
& Anderson 2004). The Akaike weights represent the relative likelihood of a 
model (normalized from 0 to 1), where models with an Akaike weight > 0.9 
 55 
 
have a high level of support (Burnham & Anderson 2004). The number of 
models within the 95% confidence interval set (w~ 0.95) was also determined, 
where a low number of models indicates high model certainty for the top-
ranked predictor variables.  
 
The direction and magnitude of the model averaged effect size of each 
explanatory variable were calculated using the average of the explanatory 
variable estimates from all models that were in the 95% confidence set, 
weighted by the respective model’s Akaike weight (Burnham & Anderson 
2004). This is undertaken by averaging the effect size of each variable within 
the model, running through every combination of variables. Uncertainty of the 
model-averaged effect sizes was quantified by averaging the standard errors 
(Burnham & Anderson 2004). The relative importance of the explanatory 
variables was also determined from the ranked summed Akaike weights (Σw) 
of each variable, based on the addition of the respective model’s Akaike weight 
wherever the variable occurred within the 95% confidence set (sensu McAlpine 
et al. 2008). The fit of the highest-ranked model for foraging rate and foraging 
success was assessed by plotting the predicted values against the observed 
values and testing the correlation. 
 
The composition of macrofauna orders across the dune, upper, lower and 
swash zones was modelled using non-metric multidimensional scaling 
(NMDS) using the R ver. 1.15-4 package ‘vegan’ (Oksanen et al. 2008). 
Ellipsoids were fitted onto the ordination, encircling sites within zones. 
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3.4 Results 
 
3.4.1 Ranking of models and explanatory variables 
 
The results of the comparison of the importance of the a priori models 
according to the Akaike weights revealed that the Environmental Model (Model 
1) was the best predictive model for foraging rate, whereas both the 
Environmental (Model 1) and Demographic (Model 2) models were good 
predictors of foraging success (Σw Environmental = 1.00, Σw Demographic = 
0.8; Table 3.3). There was one model for foraging rate and one for foraging 
success within the 95% confidence sets, showing high certainty in predicting 
foraging behaviour (Table 3.3). The demographic model had moderate support 
for predicting foraging rate (Σw = 0.7, CL = 1 [CL = Confidence Limit], Table 
3.3). 
 
The ranking of the individual explanatory variables within the a priori models 
revealed that the best predictors of foraging rate were the fixed effects; zone 
and season from the Environmental model (Σw = 1.00 and 0.77 respectively, 
Table 3.3). Conversely, breeding status and group size, from the Demographic 
model, received low rankings for foraging rate (Σw = 0.31 and 0.02 
respectively, Table 3.3). This indicates that the fixed effect variables for the 
Demographic model were not included in the 95% confidence limit set, as the 
random effects had a greater effect than that of the fixed effects. Therefore the 
95% confidence limit model is the intercept-only model. Variance in group size, 
location and bird ID are better predictors of foraging rate than the direct fixed 
effects of breeding status and group size. This explains the disparity between 
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the high model rankings for the demographic model as an intercept only model, 
despite the low ranking of the fixed effects. 
 
Although zone and season, were also highly ranked in predicting foraging 
success in the Environmental model (Σw’s of 1.00, Table 3.3), there were 
marked differences in the other components of the models that were important 
for foraging rate and foraging success. For foraging rate, tide had a low rank 
(Σw < 0.01, Table 3.3), whilst for foraging success tide was highly ranked (Σw 
= 0.99, Table 3.3). Breeding status had a high ranking for foraging success 
(Σw = 1.00, Table 3.3), whilst group size was moderately ranked (Σw = 0.76, 
Table 3.3). 
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Table 3.2. Explanatory variables used in analysis to predict foraging rate and foraging success. 
Explanatory 
Variable 
Categories Description 
Environmental model   
Season Summer (Dec.-Feb.), Autumn (Mar.-
May), Winter (Jun.-Aug.), Spring 
(Sep.-Nov.). 
 
Observation bouts occurred on random dates, when 
Hooded Plovers were encountered, during each season. 
Sampling was replicated within each season. 
 
Zone Rocks (0), swash zone (1), lower (2l) 
and upper (2u) halves of the lower 
zone, lower (3l) and upper (3u) halves 
of the upper beach and dunes (4). 
Each study site was stratified into 7 beach zones which 
were parallel to the water’s edge; rocks, swash zone (the 
wet sand exposed between waves), lower and upper 
halves of the lower zone (between the upper reach of the 
waves and the high-water mark), lower and upper halves 
of the upper beach (from the high-water mark to the lower 
dune edge) and dunes. The zone in which each of the ten 
bill movements occurred was recorded for each foraging 
bout. Recording ceased if the individual moved out of that 
zone before completion of ten bill movements.  
 
Tide High-water, 1st half outgoing, 2nd half 
outgoing, Low-water, 1st half 
incoming, 2nd half incoming.  
 
The time of tide at which each observation was conducted 
was recorded. High-water was categorised as 30 minutes 
before and after peak high-water, 1st half outgoing was 
from the end of high-water until 2 hours and 36 minutes 
after high-water, 2nd half outgoing was the following 2 
hours and 36 minutes, low-water was categorised as 30 
minutes before and after low-water, 1st half incoming was 
from low-water until 2 hours and 36 minutes after low-
water and 2nd half incoming was the following 2 hours and 
36 minutes until high-water.   
 
  
 59 
 
   
Explanatory 
Variable 
Categories Description 
Demographic model   
Group size Total number of birds observed at a 
site. 
 
The number of hooded plovers observed at an 
observation site during an observation bout on a foraging 
bird. This number was recorded as group size. Range of 
group sizes was 1-6. Mean group size was 2.16 ± 0.80 
(SE) 
 
Age Chicks (hatching-fledging), juveniles 
(fledging – 1 yr) and adult (1+ yr).  
The age of each bird was recorded during a foraging 
observation bout.  
 
Breeding status Pre-breeding (PB), non-breeding 
(NB), off-duty birds with nest and off-
duty birds with chicks. No foraging 
occurred for on-duty birds. 
The breeding status of each marked individual was 
recorded based on known previous and subsequent 
checks of marked individuals. Breeding status categories 
were defined as; pre-breeding (PB) was an individual 
from a pair that was defending a territory without a nest, 
eggs or chicks; non-breeding (NB) was an individual 
observed outside the breeding period (PB) and not 
defending a territory (August to March); nest was an off-
duty individual with a nest (Nest) and chicks was an off-
duty individual with one or more chicks (Chicks).  
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Table 3.3. Evaluation of candidate a priori models and explanatory variables of the foraging 
behaviour of the Hooded Plover, including foraging rate (number of bill movements per minute) 
and foraging success (number of successful bill movements out of 10). From model averaging 
within each candidate model, the number of models, the sum of their Akaike weights and the 
sum of Akaike weights of variables included in the 95% confidence set of plausible models are 
reported. 
 Foraging 
Rate 
Foraging 
Success 
Number of models within 95% CL 
Model 1 – Environmental model 1  1  
Model 2 – Demographic model 1  1  
   
Top ranked model fixed effects   
Model 1 – Environmental model Zone 
Season 
Zone 
Season 
Tide 
Model 2 – Demographic model - Breeding 
status  
  
Top ranked model Akaike weight   
∑w Model 1 – Environmental model 0.80 1.00 
∑w Model 2 – Demographic model 0.70 0.80 
   
Variable Akaike weight   
Model 1 – Environmental model   
∑wZone 1.00 1.00 
∑wSeason 0.77 1.00 
∑w Tide < 0.01 0.99 
Model 2 – Demographic model   
∑wBreeding status 0.31 1.00 
∑wGroup size 0.04 0.76 
CL = confidence limit 
 
Table 3.4. Model averaged effect sizes and standard errors of the effects of variables within 
each a priori model on foraging behaviour of the Hooded Plover.  
Foraging Rate Foraging Success 
 
Model 
Averaged 
Effect Size 
Model 
Averaged 
Standard Error 
of Effect Size 
Model 
Averaged 
Effect Size 
Model 
Averaged 
Standard Error 
of Effect Size 
Model 1 – 
Environmental 
  
  
Zone - 2.97 0.26 2.28 0.12 
Season 0.05 0.05 0.99 0.09 
Tide 0.02 < 0.01 0.22 0.11 
Model 2 - 
Demographic 
  
  
Breeding status - 0.30 0.07 0.36 0.27 
Group size 0.02 < 0.01 0.12 < 0.01 
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3.4.2 Effect sizes 
 
The model averaging of the effects of variables within the a priori models 
showed that for the Environmental model (Model 1), zone had a large effect 
on foraging rate and foraging success (Table 3.4). Season had a slight effect 
on foraging rate and a moderate effect on foraging success (Table 3.4). Tide 
had a slight effect on foraging rate and success (Table 3.4). Within the 
Demographic model, breeding status had a moderate effect on foraging rate 
and foraging success (Table 3.4). Group size had a moderate effect on 
foraging rate and success (Table 3.4). 
 
Birds had the fastest foraging rate in the swash zone at an average of 48.3 bill 
movements per minute (Figure 3.4a). Foraging rate decreased with each zone 
up the beach and was slowest in the upper zone (3u) and dunes (4), with an 
average of 18.0 and 19.2 bill movements per minute respectively (Figure 3.4a). 
There was a non-linear increasing pattern from shore to the top of the beach 
for foraging success, with the lowest average success rate on the rocks and 
the swash zone at 2.7 and 2.5 out of 10 respectively (Figure 3.5a). Foraging 
success increased with each zone further up the beach, with the greatest 
success occurring in the lower upper and upper zones with an average of 6.0 
and 5.8 out of 10 respectively (Figure 3.5a). 
 
Birds had a relatively slow foraging rate in spring at an average of 28.1 bill 
movements per minute (Figure 3.4b). Foraging rate was fastest during the 
cooler months of winter at an average of 47.5 bill movements per minute 
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(Figure 3.4b). Foraging success was greatest in spring, at an average of 4.9 
out of 10 (Figure 3.5b), and was lowest in summer at an average of 3.8 out of 
10 (Figure 3.5b).  
 
A modest increase in foraging rate as the tide advances further from the last 
high-water is evident with an average of 29.5 bill movements per minute at 
high-water, and an average of 37.5 during the 2nd half of the incoming tide 
(Figure 3.4c). Foraging success was greatest at high-water, at an average of 
5.4 out of 10, and lowest at low-water at an average of 2.8 out of 10 (Figure 
3.5c).  
 
Foraging was quickest when 3 birds were present and slowest with 1 or 6 birds 
present (Figure 3.6a). Foraging rate gradually increased from a group size of 
1 (average, 29.6 bill movements per minute) to a group size of 3 (41.4; Figure 
3.6a). Foraging rate then gradually decreased from group size 3 to 6 birds (the 
latter averaging 28 bill movements per minute; Figure 3.6a). Foraging success 
was lowest in a group size of 5 (2.5 out of 10), but highest in a group of 4 or 6 
birds, at an average of 7.2 and 5.9 out of 10, respectively (Figure 3.7a). 
 
With respect to the fixed effect, age, juvenile Hooded Plovers had the fastest 
foraging rate at an average of 48.5 bill movements per minute, and also the 
lowest foraging success of an average of 1.5 out of 10 (Figures 3.6b and 3.7b). 
Adults had greater success of an average of 4.3 out of 10 bill movements 
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(Figure 3.7b) and slower foraging rate of an average of 33.6 bill movements 
per minute (Figure 3.6b). Chicks had the slowest foraging rate at an average 
of 22.2 bill movements per minute (Figure 3.6b). Chicks were removed from 
the model for foraging success due to low sample size. 
 
Off-duty birds with nests had the slowest foraging rate at an average of 31.7 
bill movements per minute (Figure 3.6c). Non-breeding birds foraged slightly 
faster at an average of 37 bill movements per minute and pre-breeders foraged 
fastest at an average of 43.6 bill movements per minute (Figure 3.6c). Birds 
with chicks were removed from the model for foraging rate as they were 
represented by a low sample size. Birds with chicks had the highest foraging 
success rate at an average of 5.5 out of 10. Pre-breeding birds had the lowest 
foraging success at an average of 1.5 out of 10 (Figure 3.7c).  
The top ranked Environmental model for foraging rate, which included zone 
and season, had reasonable model fit (R2 = 0.35) (Figure 3.7a). The foraging 
rate intercept model also had reasonable model fit (R2 = 0.35) (Figure 3.7b). 
The top ranked Environmental model for foraging success, which included 
zone, season and tide; and the top ranked Demographic model, which 
included breeding status, both had better model fits (R2 = 0.44 and 0.34, 
respectively) (Figure 3.7c,d).  
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3.4.3 Prey composition and relative abundance across zones 
 
Non-metric multidimensional scaling (NMDS) shows that, although there was 
some overlap, there was slightly different composition of MIF within each zone 
(Figure 3.3). Dunes had the highest abundance of Diptera (Figure 3.3). The 
upper zone had the highest abundance of Polychaeta, Aranae and Arachnida 
(Figure 3.3). The lower zone contained a subset of orders also present in the 
upper zone, and was dominated by Isopoda and Amphipoda, with lower 
diversity than the dunes and the upper zone (Figure 3.3). The swash zone 
contains a small subset of orders contained within the lower zone; only Isopoda 
and Amphipoda (Figure 3.3).  
 
The order Platyhelminthes was excluded from the analysis as it was present 
within only one sample, within zone 1 (swash zone), and resulted in the NMDS 
being skewed to show large differences between this sample and the 
remaining samples. However, its presence in the swash zone only may 
indicate possible unique diversity within this zone. The swash zone contained 
the highest average relative abundance of MIF at 31, followed by the dunes at 
29 and the upper zone at 25. The lower zone had the lowest average relative 
abundance at 11. There is a relationship between order composition and 
abundance across zones (Figure 3.3). Further studies with more data would 
be useful to test the strength of the relationship.  
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Figure 3.3. Non-metric multidimensional scaling (NMDS) visualisation of order composition 
and abundance at zones within sites (black points). The black ellipsoid shows zone 4 (dunes) 
samples, the grey ellipsoid shows zone 3 (upper beach) samples, the black dashed ellipsoid 
shows zone 2 (lower beach) samples and the grey dashed line shows the two zone 1 (swash 
zone) samples. The order names show the orders that explain a large proportion of the 
variation in composition and abundance between zones. 
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Foraging rate – environmental variables 
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Figure 3.4. Number of bill movements per minute in different beach zones; where 0 is rocks, 1 is swash zone, 2l is lower half of 
the lower zone, 2u is upper half of lower zone, 3l is lower half of the upper zone, 3u is upper half of the upper zone and 4 is dunes; 
b) during summer, autumn, winter and spring; and c) during high tide, 1st half of outgoing tide, 2nd half outgoing, low tide, 1st half of 
incoming tide and 2nd half incoming. Lines in boxes indicate the median, dots accompanying numbers show the mean. Numbers 
above boxes show sample size. 
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Foraging success – environmental variables 
 
  
 
 
 
  
 
 
 
 
 
  
  
 
 
 
 
 
Figure 3.5. Foraging success (out of 10) a) in different beach zones; where 0 is rocks, 1 is swash zone, 2l is lower half of the lower zone, 2u is 
upper half of lower zone, 3l is lower half of the upper zone, 3u is upper half of the upper zone and 4 is dunes; b) during summer, autumn, winter 
and spring; and c) during high tide, 1st half of outgoing tide, 2nd half outgoing, low tide, 1st half of incoming tide and 2nd half incoming. Lines in boxes 
indicate the median, dots accompanying numbers show the mean. Numbers above boxes show sample size. 
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Foraging rate – demographic variables 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6. Number of bill movements per minute for a) group sizes from 1-6; b) chicks, juveniles and adults; and c) pre-breeding (PB), non-breeding 
(NB) and off-duty birds with nests. Lines in boxes indicate the median, dots accompanying numbers show the mean. Numbers above boxes show 
sample size. 
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Foraging success – demographic variables 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.7. Foraging success (out of 10) a) in group sizes from 1 to 6; b) of juveniles and adults; and c) for pre-breeding, non-breeding, off-duty 
birds with nests and off-duty birds with chicks. Lines in boxes indicate the median, dots accompanying numbers show the mean. Numbers above 
boxes show sample size. 
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Figure 3.8. A. Plot of model fit 
of top ranked environmental 
model of foraging rate, which 
included zone and season 
(model fit – p <0.05, R square 
= 0.35). 
 
B. Plot of intercept model of 
foraging rate (model fit – p <0.05, 
R square = 0.35). No 
demographic fixed effects were 
included in the best model. 
C. Plot of model fit of top 
ranked environmental model of 
foraging success, which 
included zone, season and tide 
(model fit – p <0.05, R square 
= 0.44). 
 
D. Plot of model fit of top ranked 
demographic model of foraging 
success, which included breeding 
status (model fit – p <0.05, R 
square = 0.34). 
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3.5 Discussion 
 
This study has revealed an array of environmental and demographical factors 
influencing the foraging behaviour of a high-energy sandy shore endemic 
shorebird. Such patterns have rarely been described for shorebirds on 
exposed sandy shore habitats, with the exception of studies on foraging of the 
Piping Plover in North America (Burger 1990, 1991, Elias et al. 2000). 
Disturbance by humans has been highlighted as a major disruption to the 
foraging behaviour of Piping Plovers on sandy beaches (Burger 1990, 1991, 
Burger et al. 1995). Human disturbance was not included as a variable in this 
study, which focussed on undisturbed birds. The temporally and spatially 
dynamic foraging behaviour revealed by this study is presumably influenced 
by endogenous factors (e.g., the energetic needs of the birds, their foraging 
skill levels) and constraints on foraging (e.g., limitations of prey availability, 
predator risk). 
 
3.5.1 Season 
 
Seasonal fluctuations in the foraging ecology of shorebirds is hitherto 
undocumented on exposed sandy beaches, and is presumably influenced by 
seasonal fluctuations in energetic requirements, sociality and prey activity 
(Colwell 1993, Roberts 1996, Weston and Elgar 2006, Yasue 2005, Castro et 
al. 2009). In this study, Hooded Plovers foraged with the greatest efficiency in 
spring, during the early part of the extended breeding period, followed by a 
slight reduction, but still high foraging efficiency in summer. There are times 
when all animals need to acquire energy reserves in anticipation of future costs 
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(Metcalfe and Furness 1984). Increases in foraging efficiency in shorebirds are 
associated with current or near-future energy demands such as migration or 
breeding (Kuwae 2007, Castro et al. 2009, Martins et al. 2013). 
 
High foraging efficiency of Hooded Plovers in spring and summer may allow 
them to acquire the energy reserves required for the demands of breeding; 
such as egg production (Williams 2005), brooding (Weston and Elgar 2006) 
and possible renesting (Yasue and Dearden 2008, Pakanen et al. 2014), in 
concurrence with moulting (Rogers et al. 2014). Foraging efficiency was 
reduced in winter, as although success was incrementally higher than in 
summer, foraging rate was substantially faster suggesting more effort is 
required to realise that success, thus lowering foraging efficiency. 
 
Hooded Plovers unique primary feather moult pattern overlaps with 
spring/summer breeding, both at the population and individual scales (Rogers 
et al. 2014). Unlike all other birds, the extended primary moult of Hooded 
Plovers involves regular, complete overlap with the entire breeding season 
(Rogers et al. 2014). This unprecedented overlap possibly minimises the risk 
of energy depletion for a species with low breeding success and unpredictable 
renesting opportunities (Rogers et al. 2014). Moult is complete by the onset of 
winter, however the reason why this species avoids moulting during the non-
breeding period (when most other birds moult) was speculated to be the 
possible existence of a seasonal restriction in prey availability (Rogers et al. 
2014). Therefore, adequate resources are required to fulfil two energetically 
 73 
 
demanding processes, breeding and moulting, concurrently. High foraging 
efficiency in spring, and relatively high efficiency in summer may enable 
plovers to meet these demands. 
 
Low foraging efficiency is costly, especially under harsh environmental 
conditions or reduced prey (Evans 1976). Temperature is the main factor 
controlling seasonal effects on amphipod activity (Yu et al. 2009, Lastra et al. 
2015). Aside from seasonal effects of breeding and moulting, the high foraging 
efficiency of Hooded Plovers in spring and summer may also be related to 
increased activity of MIF in warmer temperatures creating more visual cues 
than in winter (Kuwae 2007). Hooded Plovers are apparently mostly visual 
hunters and therefore reliant on visible surface activity of prey (Pienkowski 
1983). An increase in visual clues may result in a higher capture rate. In winter 
there may be a depression in prey activity, with MIF remaining below the 
surface for longer periods, thus reducing the visibility of prey (Pienkowski 
1983). Also, on temperate beaches reproduction in most MIF species occurs 
seasonally, causing seasonal fluctuations in prey availability, whereas 
continuous reproduction occurs on tropical beaches (Defeo and McLachlan 
2005). 
 
A key information gap in the foraging ecology of Hooded Plovers is seasonal 
prey abundance and activity. This would help determine the relationship 
between seasonal foraging behaviour and prey availability; further research 
including indexing prey availability across seasons is warranted. In addition to 
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reduced energy demands in winter, a suspected seasonal reduction in prey 
availability during winter may explain Hooded Plovers reduced winter foraging 
efficiency, and even their unusual moult cycle (Rogers et al. 2014). 
 
3.5.2 Breeding status 
 
The abovementioned seasonal foraging patterns were reflected in those 
displayed throughout different life history phases. Birds foraged least efficiently 
in the non-breeding season, and slightly more efficiently when they were 
maintaining breeding territories but were yet to nest. During the non-breeding 
season, in the absence of the high-energy demands of breeding (and moulting 
for Hooded Plovers), energy is required for maintaining body temperature and 
metabolic processes, flying, predator avoidance and foraging (Evans 1976). 
Winter thermal demands in the mild temperate climate of the study area may 
be modest, as this region experiences mild to cool winters, as opposed to cold 
to very cold winters experienced by some shorebirds in cold temperate regions 
(Piersma et al. 1995, Bureau of Meteorology - Australian Climate Averages 
2011). 
 
The high foraging efficiency displayed by off-duty incubating birds in this study 
may be a concentrated effort before the onerous demands of the approaching 
brood-rearing phase or need to lay and attend a replacement clutch. In Hooded 
Plovers, body condition declines during the brood-rearing phase of the 
breeding cycle; with brood-rearing parents being, on average, 6.2 g (6.3 %) 
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lighter than when incubating (Weston and Elgar 2006). This mass decrease 
occurs in conjunction with a reduction in time spent foraging (Weston and Elgar 
2006). The effect of breeding stage on body condition during the brood-rearing 
phase makes foraging for incubating birds critical for building energy reserves 
(Bulla et al. 2015). Indeed, many off-duty incubating birds spend the majority 
of their off-nest time feeding (Lewis et al. 2005, Pinet et al. 2012, Bulla et al. 
2015). In this study, foraging success was high in incubating and particularly 
brood-rearing birds, indicating the critical requirement for energy acquisition 
during these phases of the breeding cycle. 
 
Hooded Plovers maintain body condition during the incubation phase, 
indicating sufficient energy uptake during their off-duty time (Weston and Elgar 
2006). The incubation phase therefore may not be as energetically demanding 
as egg production or brooding in Hooded Plovers. Similarly, incubation in the 
bi-parental Semipalmated Sandpiper Calidris pusilla (Bulla et al. 2015b) and 
Malaysian Plover Charadrius peronii (Yasue and Dearden 2008), is not driven 
by energy constraints as they are able to sufficiently replenish their energy 
reserves during their off-duty time.  
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3.5.3 Zone 
 
Hooded Plover foraging became more efficient within each zone moving up 
the beach, from the swash zone to the dunes. This pattern occurred in 
conjunction with broader, largely overlapping, composition of orders in the 
upper zone and dunes, compared to a much narrower composition in the lower 
and swash zones. The greater foraging efficiency in the upper zones than the 
lower zones may be due to the availability and composition of prey in the upper 
beach. Stranded macrophyte in the upper beach is associated with high 
abundance of macrofauna (MacMillan and Quijon 2012) and may have 
contributed to high foraging efficiency in this zone (Dugan et al. 2003). In this 
study, composition within zones was determined at low-water, and due to the 
highly mobile nature of MIF, the boundaries of zonal assemblages are not 
expected to be rigid. Zonation patterns of MIF may also vary seasonally (Defeo 
and McLachlan 2005), thus causing possible seasonal effects on foraging 
behaviour within zones.  
 
The pattern of foraging efficiency increasing up the beach in this study may 
also be explained by the use of different foraging tactics between zones, such 
as darting in the upper zones or foot trembling in the lower zones. Although 
both these behaviours are rare, they may play a role in foraging efficiency. 
Darting involves the bird rapidly pursuing jumping prey, making rapid changes 
in direction (Weston 2007). Foot trembling, vibrating one foot on the surface of 
the substrate while standing in a waiting position, fluidises or vibrates the sand 
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causing amphipods to react by from the sediment (Pienkowski 1983), thus 
enabling visual predators to locate and capture them.  
 
Amphipods in the upper beach are generally relatively large and display high 
mobility (McLachlan and Jaramillo 1995, Veiga et al. 2014). If disturbed, they 
perform a series of jumps in random directions before burrowing again (Napoli 
et al. 1993). Weston (2007) observed darting tactics in Hooded Plovers 
foraging only in the mid and upper beach zones. This may increase foraging 
efficiency by enabling a bird to catch an amphipod that is attempting to evade 
capture, possibly explaining the high foraging efficiency displayed in the upper 
zone in this study. 
 
Amphipods in wet zones, when disturbed by water, will immediately emerge 
and reposition (Napoli et al. 1993). Weston (2007) mainly observed foot 
trembling in the mid (a wet zone covered by the previous nocturnal tide) and 
lower zone (a zone of constant wave wash but exposed between waves).  
 
3.5.4 Tide 
 
Surprisingly, Hooded Plovers foraged most efficiently at high-water, followed 
by the outgoing and incoming tide. These results contrast the general foraging 
pattern of shorebirds on sand or mud flats, who typically spend most of their 
foraging time on exposed intertidal areas at low-water, when the most 
productive parts of their habitat are exposed (Burger et al. 1997, Clemens et 
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al. 2014). In this study, low-water represented a period of low foraging 
efficiency, with the lowest foraging success. This opposing foraging pattern is 
likely due to differences in the ecology of MIF on exposed sandy beaches 
compared to tidal flats; in particular, increased activity of crustaceans on 
exposed sandy beaches at high-water. To demonstrate, when a wave hits 
beach cast macrophyte in the upper beach at high-water, many sand hoppers 
can be observed jumping (pers. obs.).   
 
Sand flats are not exposed to wave energy and have a comparatively larger 
tidal range than exposed beaches (McLachlan et al. 1998). The intertidal MIF 
of sand flats tend to be dominated by deposit and suspension feeders 
(Whitlatch 1977, Ysebaert and Herman 2002, Zhang et al. 2016). Mobility for 
many sand flat species is largely restricted to high-water, occurring mainly in 
the water column, either actively or due to resuspension by tidal currents 
(Armonies and Hartke 1995). In contrast, MIF of exposed sandy beaches, 
often dominated by crustaceans (Lastra et al. 2006, Rodil et al. 2006), are 
highly mobile (McLachlan and Jaramillo 1995, Veiga et al. 2014). Tidal 
inundation can affect prey availability by increasing activity, making prey more 
susceptible to shorebird predation (Goss-Custard 1984, Colwell and Landrum 
1993). Many isopods and amphipods display endogenous tidal activity rhythms 
(Brown 1996, Hoelters et al. 2016). For example, the sandy beach isopod 
Eurydice pulchra remains buried at the mean high-watermark at low-water and 
emerges from the sand at high-water (Hoelters et al. 2016). As MIF sampling 
was conducted only during low-water for this study, the pattern of relative 
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abundances; highest in the swash zone, followed by the dunes and upper 
zone; would likely change if conducted at high-water. Greater prey activity at 
high-water may explain the high foraging efficiency of Hooded Plovers at high-
water.  
 
Demonstrating the importance of increased prey activity at high-water for 
shorebirds foraging on sandy beaches, Conners et al. (1981) observed 
Sanderling Calidris alba foraging on sandy beaches at high-water, then 
switching habitats to forage on nearby sand flats as the tide receded. Prey 
density and availability on sand flats increased with falling tides and was 
highest on sandy beaches at mid and upper tidal levels (Conners et al. 1981). 
 
3.5.5 Sociality 
 
This study describes a complex pattern of foraging within Hooded Plover 
groups, whereby rate increased up to a group size of 3, then decreased with 
increasing group size. Foraging success varied and was very high in a group 
of 4, very low in a group of 5, then high again in a group of 6. Such a pattern 
may result from the combination of two competing influences: 1) vigilance 
benefits of groups, increasing with group size but interacting with 2) 
interference competition which also increases with group size.  
 
The anti-predator advantages provided by flocking enable a reduction in the 
vigilance effort required by individuals, thus freeing-up time for foraging 
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(Roberts 1996, Fuller et al. 2013), while increasing the probability of detecting 
a predator before it attacks (Roberts 1996). Reduced vigilance may explain 
the increase in foraging rate in group sizes 1 to 3. However, as flock size 
increases, intake rate is often reduced as interference competition increases 
(Barbosa 1997, Yasue 2005). Interference competition can be caused by 
behavioural interactions such as kleptoparasitism, aggression, creating 
barriers, time lost to interactions or cryptic interactions (Duijns and Piersma 
2014). Above a certain flock size threshold, the negative effects of competition 
interference override the anti-predator benefits of flocking (Barbosa 1997). 
This pattern is reflected in the reduced foraging rate in group sizes 3 to 6. 
However, interference competition in group sizes of 3 to 6, corresponding with 
decreasing foraging rate, does not explain the fluctuations in foraging success, 
high success in a group size of 4 and 6, and very low success in a group size 
of 5. Fluctuating foraging success relative to foraging rate may be a result of 
variations in prey densities. Yasue (2005) stresses the importance of 
controlling for prey density, as shorebirds may feed more efficiently where 
there is higher prey density. High-energy sandy beaches display high seasonal 
variation in MIF abundance (Defoe and McLachlan 2005) and this may result 
in some confounding between seasonal and group size effects. 
 
Another factor which may explain the complex foraging patterns associated 
with group size is prey depression (i.e., reduced abundance or availability of 
prey) at larger group sizes. The density of available prey is a major determinant 
of a predator’s intake rate (Duijns and Piersma 2014). Predators themselves 
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can have an impact on the availability of their own prey (Duijns and Piersma 
2014). Prey depression does not necessarily require capture of any prey items, 
but results from prey becoming temporarily unavailable as they respond to the 
presence of a certain density of predators by, for example, burrowing (Yasue 
2005, Duijns and Piersma 2014).   
 
3.5.6 Age 
 
Juvenile Hooded Plovers foraged less efficiently, at a faster rate and with lower 
success, than adults. Lower foraging efficiency in juvenile shorebirds 
compared to adults is well-documented (Burger 1980, Goss-Custard and 
Durell 1987, Hockey et al. 1998, Van den Hout et al. 2014). Bocher et al. (2014) 
found higher mean isotopic values in adult shorebirds compared to juveniles, 
suggesting greater prey intake. The mechanisms responsible for age effects 
on foraging behaviour vary between species and include: 1) morphological 
differences, 2) individually acquired skills and 3) social status (Durell 2000, 
2003). For Hooded Plovers the second mechanism is most likely, as the 
combination of complex foraging behaviour, highly mobile prey and spatially 
and temporally variable prey availability, mean Hooded Plovers probably need 
to learn foraging skills to become as proficient at foraging as adults. Less-
skilled foraging may also cause juveniles to feed on different prey types or use 
different foraging methods to adults (Goss-Custard and Durell 1987, Durell 
2003). Future study may reveal different prey resources or foraging methods 
utilised by juvenile Hooded Plovers. Foraging may also be influenced by age 
through the energetic demands of growth, as chicks and juveniles must forage 
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at a rate that sustains growth (Krijgsveld et al. 2012). Precocial chicks require 
high levels of energy expenditure for growth, locomotion and thermoregulation 
(Krijgsveld et al. 2012). With advancing age, growth rate decreases with 
increasing size (Krijgsveld et al. 2012).  
 
3.5.7 Conclusions 
 
This study has outlined complex foraging behaviour in a species which inhabits 
a spatially and temporally dynamic high-energy environment. It confirms the 
substantive influence of prey zonation on foraging, and describes seasonal 
and tidal influences on foraging behaviour. This study emphasises the reliance 
of Hooded Plovers on all levels of the beach for their prey resources during all 
seasons. Management which focusses only on the supra-tidal elements of the 
habitat, and only during particular times of the year (Schlacher et al. 2008a), 
may inadvertently restrict access to critical intertidal prey resources or risk 
disrupting critical periods of energy acquisition. Effective management would 
entail protecting prey resources at Hooded Plover breeding sites, and also 
known flocking sites. Protection would involve enforcing the prevention of 
disruptive processes such as trampling, beach nourishment, grooming and 
armouring (Speybroeck et al. 2006, Defeo et al. 2009, Dugan and Hubbard 
2010, Schlacher et al. 2016). Considering the association between many 
shorebird prey species and abundance of macrophyte wrack (Dugan et al. 
2003), an additional approach to increasing prey availability in foraging habitat 
may be artificial placement of macrophyte wrack (Schlacher et al. 2017). 
Finally, the demographic processes such as age and group size also 
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influenced foraging, and may underpin potential allee effects should flocks 
become smaller (Crates et al. 2017). Juvenile survival, which is thought to be 
lower than adult survival (Baird and Dann 2003), may in part be compromised 
by lower foraging efficiencies. Thus, disturbance to foraging birds may 
compromise survival and recruitment.  
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Chapter 4 General Discussion  
 
This study sought to index Hooded Plover prey resources, whilst testing a new 
sandy beach MIF sampling method; and to characterise the basic foraging 
behaviour of Hooded Plovers. This chapter reflects on overall findings, 
compares and contrasts findings of the data chapters, and offers key research 
and management implications. 
 
4.1 Indexing Prey Resources 
 
Overall, the novel hydraulic sampling device (HSD) found a smaller body size, 
lower abundance and species richness of macroinvertebrates, and an 
inconsistent species assemblage than those found by the sieving method. It 
was thus determined that the HSD was an inferior MIF sampling method 
compared to sieving. 
 
This study revealed inconsistent patterns of the zonation in prey. Chapter 2 
revealed a higher abundance and species richness of MIF in the upper, 
compared to lower zone (regardless of sampling method). However, the 
sampling associated with Chapter 3 revealed most prey in the swash zone, as 
found by Rodil et al. (2006) on temperate sandy beaches, followed by the 
dunes and the upper zone. Relative abundance was lowest in the lower zone. 
Both sampling regimes involved cores, and were plover-centric (Chapter 2, 
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breeding territories; Chapter 3, around foraging birds). The inconsistent 
zonation pattern found by each study may result from: 
1. Differences in zonation between sampling localities, driven by site 
differences such as degree of beach cast macrophytic wrack, trampling, 
sand grain size, beach morphology and prevailing wave energy 
(McLachlan et al. 1996, Ince et al. 2007, Orr et al. 2014, Schlacher et 
al. 2016); and/or, 
2. The highly mobile nature, and extreme temporal and spatial variability 
exhibited by high-energy sandy beach MIF (James and Fairweather 
1996, Defeo and McLachlan 2005, Schlacher et al. 2008a).   
 
4.2. Characterising Foraging Behaviour 
 
Few studies of the foraging of marked birds are available (Catry et al. 2014), 
though some exceptions include Ens and Goss-Custard (1984), Urfi et al. 
(1996), and Sprague et al. (2008). The environmental factors zone and season 
had a strong influence on foraging rate, and the environmental and 
demographic factors of zone, season, tide and breeding strongly influenced 
foraging success. Hooded Plovers may utilise different foraging methods in 
different zones (Weston 2007), as they foraged more efficiently higher on the 
beach. Foraging occurred most efficiently at high-water and was least efficient 
at low-water, perhaps demonstrating a response to increased prey activity or 
concentration at high-water (Goss-Custard 1984, Colwell and Landrum 1993, 
Hoelters et al. 2016). Hooded Plovers foraged most efficiently in spring, at the 
start of the breeding season and during the incubation phase of the breeding 
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cycle, critical times for increased energy acquisition to meet the energetic 
demands of breeding and moulting (Weston and Elgar 2005, Williams 2005, 
Castro et al. 2009, Rogers et al. 2014). Foraging rate increased up to a group 
size of 3, perhaps as a result of reduced vigilance (Roberts 1996, Fuller et al. 
2013), then decreased with increasing group size. This change may have been 
due to increasing interference competition with increasing group size (Barbosa 
1997, Yasue 2005). Adult Hooded Plovers foraged more efficiently than 
juveniles, highlighting the complexities of Hooded Plover foraging, and 
indicating the need for juveniles to learn the skills required to become proficient 
foragers (Goss-Custard and Durell 1987, Durell 2003).  
 
4.3 Implications and Insights 
 
4.3.1 MIF sampling methods 
 
It is important to maintain consistency in sampling methods to ensure sufficient 
power of analysis (James and Fairweather 1996) and to allow unconfounded 
statistical comparisons among spatial and temporal scales, and between 
different research groups (James and Fairweather 1996, Schoeman et al. 
2003, Schlacher et al. 2008a). This study highlighted that the standard sieving 
method remains the most reliable, simple and effective sampling approach. 
Progression in science is partly underpinned by the critical assessment of 
novel methodologies (Funtowicz and Ravetz 1991), and this study has 
discounted an interesting candidate for methodological advancement. 
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4.3.2 Importance of high-water, high-beach foraging 
 
Contrary to numerous studies of low-energy shores (Burger et al. 1997, Santos 
et al. 2010, Clemens et al. 2014), this study demonstrated the importance of 
foraging at high-water for Hooded Plovers, possibly related to increased prey 
activity at high-water on high-energy sandy beaches (Goss-Custard 1984, 
Colwell and Landrum 1993, Hoelters et al. 2016). This foraging pattern 
indicates a heavy reliance on prey in the upper beach, between the high-
watermark and the dunes. This too runs contrary to the ideas that the lower 
beach is especially important for Hooded Plover foraging (Weston and Elgar 
2005).  
 
Processes which degrade prey resources in the upper beach may be 
especially problematic to Hooded Plovers and include seaweed harvest, beach 
grooming and human trampling. Beach cast macrophyte wrack is often 
removed from beaches as a recreational management practice (Kirkman and 
Kendrick 1997, Schlacher et al. 2016) or via beach grooming (Dugan et al. 
2003). This practice can alter community structure of MIF, including decreased 
abundance, species richness and biomass. Human trampling in the upper 
beach may have implications for Hooded Plover foraging, as MIF assemblage 
and density is negatively affected by trampling (Veloso et al. 2008, Schlacher 
et al. 2016). For example, in an experimental trampling study, sandhoppers, a 
key prey item which dominate the upper beach, were reduced from 563 to 260 
individuals over the range of trampling intensities tested (Schlacher et al. 
2016).  
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Consequences of a decline in prey abundance may include reduced fitness 
and/or reduced carrying capacity of Hooded Plover habitat (Schlacher et al. 
2016). Birds may experience difficulty in maintaining the reserves required to 
achieve energy balance, especially during winter when they may need 
additional reserves to prevent heat loss (Dugan et al. 1981). They may also be 
forced into sub-optimal habitat (Stillman et al. 2005). 
 
4.3.3 Prey availability during critical foraging periods 
 
Encompassing the onset and peak of the breeding season, spring and summer 
is a critical period of energy acquisition for the demands of the breeding 
process (Williams 2005, Weston and Elgar 2005, Bulla et al. 2015) and also 
moulting (Rogers et al. 2014). Foraging behaviour is adjusted during these 
critical periods, from very fast foraging and moderate foraging success in 
winter, to much slower foraging with very high success in spring, and slow 
foraging with moderate success in summer, indicating higher foraging 
efficiency in spring and summer compared to winter.  
 
The high energetic demands of breeding and moulting in spring and summer, 
and increased foraging efficiency during this period, highlights the importance 
of sufficient prey abundance within breeding territories to meet energetic 
demands. Hooded Plovers maintain breeding territories for up to 8 months and 
exhibit biparental care (Weston and Elgar 2006, Weston et al. 2009), thus 
limiting their ability to move to unexploited food patches in breeding season. 
Prey abundance within breeding territories is therefore critically important, as 
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declines in prey during this period could conceivably result in reduced breeding 
success or survival. 
 
4.4 Future Research 
 
A series of key research questions exist which stem from this study and its 
linkages with other research on the species and sandy shore ecology in 
general. The following sections present research questions of particular 
relevance. 
 
4.4.1 Seasonality on temperate sandy shores; prey, plover foraging 
and energy needs 
 
Theoretically, Hooded Plovers face seasonal energetic bottlenecks resulting 
from the coincidence of breeding, moulting and increased human disturbance 
(Figure 4.1). While temperatures during winter in Victoria are generally mild, 
suggesting limited thermal stress compared with many other non-breeding 
shorebirds, nothing is known of the prey resources available throughout the 
year. The absence of post-breeding moulting (typical among most birds) 
suggests there are energetic limitations in winter for Victorian Hooded Plovers 
(Rogers et al. 2014). 
 
There are few studies on seasonal abundance of MIF on temperate sandy 
beaches, due to lack of seasonal sampling in studies of sandy beach MIF 
(Brazeiro and Defeo 1996, Goncalves et al. 2009). Seasonal variation in 
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zonation patterns on temperate sandy beaches are mostly related to short-
term variability associated with wind, wave height, swash level and seasonal 
temperature changes (Brazeiro and Defeo 1996). In particular, the swash zone 
displays marked temporal variation in species distribution (Brazeiro and Defeo 
1996, Gimenez and Yannicelli 1997). Generally, MIF on temperate sandy 
beaches tend to occupy higher levels of their respective areas of distribution 
in spring and summer than autumn and winter, and exhibit more temporal 
stability in the upper zone, dominated by air breathing crustaceans (Brazeiro 
and Defeo 1996, Gimenez and Yannicelli 1997). Density is higher in the 
supralittoral zone than the intertidal zone in winter, and overall, density of MIF 
on temperate exposed sandy beaches is higher in spring and summer than 
autumn and winter (Goncalves et al. 2009). 
 
Seasonality of beach-cast macrophyte wrack deposition on Victorian beaches 
is unknown, but may be an important factor influencing seasonal prey 
abundance for Hooded Plovers. Seasonal increases in storm swells may 
cause increased frond damage and breakage of algae holdfasts (Milligan and 
DeWreede 2010), leading to increased wrack deposition on beaches (Orr et 
al. 2005). In Victoria, storm swells occur year round, but most frequently in 
winter (McInnes and Hubbert 2003). Freshness or age of stranded wrack is an 
important variable relating to wrack-associated MIF abundances as 
colonization of wrack occurs in a succession, with species invading it at 
different times according to their metabolic and trophic requirements 
(Goncalves et al. 2009). Some species, such as talitrid amphipods prefer 
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freshly deposited wrack (Colombini et al. 2000), and others such as 
tenebrionidae are more abundant on old, dry wrack (Jaramillo et al. 2006). 
 
Seasonal energy budgets of plovers are unknown. The basal metabolic rate 
(BMR) (or minimum metabolic rate of inactive, post absorptive endotherms 
while in their rest phase and thermal neutral zone; Swanson 2010), for Hooded 
Plovers is unknown. BMR increases when there is a need for increased 
aerobic capacity (Nilsson 2002). Knowledge of Hooded Plover BMR could 
potentially serve as a baseline for comparing the metabolic costs of seasonal 
activities and possible costs of winter and summer thermoregulation (Klaassen 
et al. 2004, Swanson 2010, Nilsson et al. 2011). 
 
 
Figure 4.1. Diagrammatic representation of the seasonal occurrence of likely major energy-
expensive processes for Hooded Plovers: extrinsic (human disturbance, means plus one SD, 
bars; average temperature, black line) and intrinsic (breeding and moulting). After Weston (in 
press). 
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The difference in MIF zonation patterns revealed by the studies in Chapters 2 
and 3 highlight the mobile nature and spatial and temporal variability of sandy 
beach MIF (Schlacher et al. 2008a). Gaining accurate seasonal estimates of 
abundance and species richness of MIF within Hooded Plover breeding and 
flocking sites would provide a baseline from which to assess possible future 
changes in prey resources (Schoeman et al. 2003).  
 
Acquiring this baseline would require a sampling design that incorporates 
adequate sampling effort. Detecting large-scale community and population 
patterns within Hooded Plover prey resources would also require a sampling 
design containing adequate spatio-temporal replication (Defeo and Rueda 
2002), otherwise it is impossible to ascertain whether the patterns detected 
reflect the patterns occurring within the MIF community, or merely a snapshot 
of when particular species are abundant or scarce at the sampling site on the 
day of sampling (Defeo and Rueda 2002). This type of bias may be common 
in sandy beach ecology (Defeo and Rueda 2002).  
 
Acquiring baseline knowledge of Hooded Plover prey resources for breeding 
and flocking sites would be advantageous in determining the effects of 
environmental change; such as climate change and disturbance events such 
as extreme storms; or human disturbance from disruptive processes such as 
trampling and coastal armouring (Defeo and Rueda 2002, Schoeman et al. 
2003). 
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Another possibility which has been recorded from some shorebirds (Barlein 
1990, Piersma et al. 1993) is that Hooded Plovers may shift their diets 
seasonally. Stable isotope or faecal analysis may determine temporal changes 
in prey selection, and isolate specific prey species that are important for 
hooded plovers in breeding and non-breeding season. This could also highlight 
possible differences in prey selection between adults and juveniles. Temporal 
changes in isotopic signatures have previously been used to determine diet 
changes in fish (Post 2003), mammals (Ayliffe et al. 2004), and birds 
(Alexander et al. 1996, Haramis et al. 2001, Hobson and Bairlein 2003). 
Suitable tissues, such as blood, can be sampled non-destructively and may 
enable seasonal changes in diet and links to specific prey items to be identified 
(Bearhop et al. 2002, Podlesak et al. 2005). 
 
Diet of small birds is notoriously difficult to quantify (Tsipoura and Burger 
1999). Faecal analysis has been previously conducted to characterise the non-
breeding diet of Hooded Plovers (Weston 2007). This revealed a diet of 
Victorian Hooded Plovers on beaches was dominated by crustaceans and 
insects (Weston 2007). A study identifying plover diet could inform 
management as to the specific MIF species of most importance across 
seasons, sites and birds of different ages. 
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4.4.2 Prey patchiness, plover movements and foraging strategies 
 
Foraging movements of Hooded Plovers are virtually unknown. Their prey is 
likely to display patchy distribution (James and Fairweather 1996, Gimenez 
and Yannicelli 2000), with community structure mainly controlled by physical 
factors such as grain size, beach slope and swash climate (McLachlan and 
Brown 2006). Patches display a degree of temporal stability, however relative 
position of patches across the beach vary according to the susceptibility of 
each species within a patch to variations in environmental conditions (Brazeiro 
and Defeo 1996). Hooded Plover breeding pairs are relatively sedentary during 
their extended breeding season, due to their high fidelity to breeding sites 
(Weston et al. 2009) which they maintain for up to 8 months (Weston and Elgar 
2005). Breeding sites occur where there is a higher abundance of prey 
compared to sites where breeding does not occur (Cuttriss et al. 2015). 
 
Hooded Plovers move into flocks, primarily during the non-breeding season 
(Weston et al. 2009). Compared to breeding season, movements during the 
non-breeding season occur over extensive tracts of coastline (Weston et al. 
2009). The function of flocking in Hooded Plovers is unknown but may, in part, 
occur to enable exploitation of areas of high prey density (Sanzenbacher and 
Haig 2002). Moving away from breeding territories during the non-breeding 
season may also enable prey abundance within breeding territories to recover 
(Kevrekidis 2005; Mitchell and Grubaugh 2005). 
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Knowledge of foraging movements during the breeding and non-breeding 
seasons could provide an indication of seasonal areas of importance in terms 
of food resources which may be candidates for habitat protection 
management. It could also reveal small and large scale habitat use and 
movements between habitats. Utilising tracking technologies in future studies 
of foraging movements would allow individuals to be located on a regular basis 
and to be tracked over time (Drake et al. 2001). Tracking may also be utilised 
to reveal nocturnal foraging movements, which is also unknown in Hooded 
Plovers. Plovers are well adapted to nocturnal foraging (Rojas et al. 1999). 
Nocturnal foraging may compensate for diurnal foraging which fails to meet 
daily energy requirements, or possibly because night is a profitable period for 
foraging (Kuwae 2007). Nocturnal foraging has been observed in several 
plover species (Turpie and Hockey 1993, Staine and Burger 1994, Kuwae 
2007, Lloyd 2008).  
 
4.4.3 Time and energy budgets, and body condition 
 
Time budgeting has not been examined in Hooded Plovers. Time budgets are 
critical aspects of energy budgets because they express strategies used to 
allocate time to energy-demanding and energy-obtaining activities; such as, 
feeding, flying, sleeping, standing, standing alertly, calling, walking, running, 
ground displays, preening, washing, incubating and brooding (Ashkenazie and 
Safriel 1979). Time budgets may vary seasonally, with age, breeding status, 
and in some species between sexes (Ashkenazie and Safriel 1979).  
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Energy budgets determine the energy allocation or acquisition associated with 
different activities. Energy budgets of Hooded Plovers are unknown and 
represent an important aspect of future work. One crude aspect of energy 
budgets is body condition, which can provide an index of the cost of seasonal 
activities such as breeding (Weston and Elgar 2006). Many shorebird species 
display clear seasonal changes in body mass (Piersma et al. 2003). The body 
mass of Hooded Plovers is maintained during incubation but decreases during 
the brood-rearing phase of the breeding cycle (Weston and Elgar 2006). This 
reduction coincides with a decrease in the time spent foraging and an increase 
in distraction displays, which may be energetically costly (Weston and Elgar 
2006). Variation in body mass can also result from changes in food availability 
(Lima 1986), predation risk (Lima 1986, Piersma et al. 2003), and disturbance 
(Gray et al. 2007). Figure 4.2 shows adult body mass across months (Weston 
unpubl. data). Although there was no effect of month, there are apparent dips 
in body mass in January, April and July. The dip in January may be related to 
brood-rearing. The April and particularly July dips may be related to seasonal 
reduction in food availability. The effects of human disturbances on time and 
energy budgets may also have implications for Hooded Plovers by limiting 
foraging time, and are therefore important considerations for conservation 
management practices (Collop et al. 2016). 
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Figure 4.2. Model estimates of adult body mass of Hooded Plovers across months, where 
numbers 1 – 12 are months of the year (n = 315 adults, no adult is represented more than 
once). The model’s response variable was bird weight (g) adjusting for the covariate of tarsus 
length (displayed values are adjusted to tarsus length of 26.9 mm).  
 
4.5 Management Implications 
 
This section presents management for proximate pressures on sandy beaches 
and Hooded Plovers rather than ultimate causes (i.e. it focusses on the effects 
of humans on beaches rather than factors underpinning increasing human 
populations). Management responses on sandy beaches require better 
predictive capabilities than are currently available (Schlacher et al. 2007), and 
efficient management practices for sandy beaches and their fauna must also 
be driven by robust scientific data (Schlacher et al. 2008a). With respect to 
managing Hooded Plover threats to prey and foraging, I propose the 
framework outlined in Figure 4.3, which reflects likely spatial variation in 
prevailing threats.A. 
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Figure 4.3. Threats to Hooded Plover foraging and management responses: A) Threats which 
mediate plover access to prey and abundance of prey and B) A proposed framework to guide 
high-level management interventions to support Hooded Plover energy balances. Colouration 
relates to A) prevailing “health” of the sandy shore (red, degraded; green, pristine) and B) the 
need of intervention (green, high priority, immediate intervention required; red, no intervention 
required). 
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Two basic approaches are available to manage Hooded Plover foraging and 
prey resources: 1) creating foraging refuges by limiting disturbance and 2) 
enhancing available prey via the retention of prey-rich habitats and/or by 
supplementing prey. 
 
Disturbance can be managed in a number of ways, by separation between 
birds and threatening stimuli, reducing the disruption caused by disturbance 
by mediating the number of disturbances or their duration, or by promoting 
habituation (Weston et al. 2012a). One method of separation between birds 
and threats, temporary beach closures, have been associated with high 
compliance and reduced rates of egg-crushing for Hooded Plovers (Weston et 
al. 2012b), indicating this may be an effective management tool for breeding 
season, which coincides with peak recreational beach use (Dowling and 
Weston 1999). This study revealed efficient foraging in the upper beach and 
at high-water, therefore closure of the upper beach during high-water may 
allow breeding birds to forage undisturbed.  
 
Management of dogs, dog-walkers and other human beach visitors at Hooded 
Plover breeding and flocking sites is critical for their conservation (Williams et 
al. 2009). Despite the imperatives for bird conservation and extensive 
education, compliance with dog regulations on beaches is low (Williams et al. 
2009). Mediating the number of disturbances by dogs and humans during the 
non-breeding season by implementing restrictions at known flocking sites, 
especially in the upper beach and at high-water, would provide a period of 
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undisturbed foraging for flocks. More extensive restrictions could be 
implemented at breeding sites in breeding season. Consideration of response 
distances, such as flight initiation distance (Weston et al. 2012a), would be 
necessary in determining the boundary of the temporary closure to prevent 
negative effects of disturbance, such as increased vigilance leading to reduced 
foraging (Burger 1991), decreased nest attendance (Weston and Elgar 2007), 
or flight initiation (Weston et al. 2012a). 
 
Habituation describes the process where responses decrease with increasing 
exposure to humans (Weston et al. 2012a). Habituation results from frequent 
exposure to benign, slow and predictable stimuli, such as human walkers 
(Weston and Elgar 2007). Thus, encouraging a particular code of conduct from 
beach visitors at Hooded Plover sites may result in habituation of Hooded 
Plovers and allow birds to forage with less disturbance.  
 
A number of strategies exist to promote prey abundance on beaches, and 
these can be categorised as: 1) retention of MIF habitat, 2) mitigation of threats 
which decrease MIF abundance and 3) active prey supplementation.  
 
Retention of MIF habitat is a vital aspect of preserving Hooded Plover prey. 
Disruptive processes that effect prey abundance and destroy MIF habitat, such 
as beach nourishment, grooming and coastal armouring (Speybroeck et al. 
2006, Defeo et al. 2009, Dugan and Hubbard 2010) should be prohibited from 
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occurring within vicinity of Hooded Plover breeding and known flocking sites. 
Beach nourishment is the process of placing sand directly on an eroding beach 
to restore, and subsequently maintain, an adequate protective or desired 
recreational beach (Speybroeck et al. 2006). Although beach nourishment may 
be the most ecologically sound coastal defence practice available, it causes 
substantial changes to sandy beach ecosystems (Speybroeck et al. 2006). 
Short-term effects include destruction of a large proportion of MIF by the 
addition of a thick layer of sand. Changes in the beach habitat influence 
recovery rate of the beach’s natural equilibrium (Speybroeck et al. 2006). 
Beach grooming, often aimed at eliminating the unpleasant odor of 
decomposing wrack, removing rubbish, and improving the aesthetics of a 
beach, exerts large scale ecological effects by reducing food resources and 
habitat for shorebirds (Dugan et al. 2003). Beach armouring is the utilisation of 
hard structures, such as stone walls, concrete, wood, steel or geotextiles as a 
coastal defence strategy (Defeo et al. 2009). Armouring structures cause 
significant habitat changes, such as narrowing of beaches. The reduced 
habitat can directly lower MIF abundance and diversity especially in the upper 
intertidal zone, thus affecting prey availability for shorebirds (Dugan et al. 
2008). 
 
Mitigating threats posed by pollution is an important aspect of preserving 
Hooded Plover prey. Pollution from a variety of sources imposes negative 
impacts on sandy beach MIF and acts at various spatial and temporal scales 
(Defeo et al. 2009). Contaminants of most concern are persistent organic 
pollutants, nutrients, oils, radionuclides, heavy metals, pathogens, sediments, 
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litters and debris (Williams 1996, Islam and Tanaka 2004). Pollution on sandy 
beaches is difficult to control because of complicated interactions, uncertainty, 
conflicts and constraints, and the interconnectedness between sandy 
beaches, the ocean, air and land (Williams 1996, Islam and Tanaka 2004). 
Mitigating threats posed by pollution involves monitoring, regulation and clean-
up processes, particularly near oil shipping routes and urban and agricultural 
areas (Defeo et al. 2009).  
 
Enforcing restrictions on trampling, which is known to disrupt prey abundance, 
is important for the protection of prey availability for Hooded Plovers. By 
restricting access to the upper beach at breeding sites during breeding season, 
and possibly at flocking sites during non-breeding season, the effects of 
human trampling on prey stocks may be diminished (Schlacher et al. 2016).  
 
Beach-cast macrophyte wrack is positively correlated with the total abundance 
of MIF on many exposed sandy beaches (Dugan et al. 2003). Artificial 
relocation and deposition of macrophyte wrack in breeding territories may 
increase prey availability for Hooded Plovers (Schlacher et al. 2016). This 
approach could also be used as an active management practice in response 
to particular extreme weather events or periods of environmental change, and 
may serve to provide a level of protection for Hooded Plover prey resources 
from environmental change. For example, wrack placement at Hooded Plover 
breeding sites, particularly after extreme events which may have a temporary 
impact on prey resources (Harris et al. 2011), may enhance prey availability 
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for breeding birds. Where there is high trampling intensity, but a limited supply 
of wrack for artificial placement, an alternative approach has been suggested. 
Directly supplementing MIF to the breeding territories may increase prey 
availability. Prey would be obtained by harvesting a limited number from 
Hooded Plover absence sites and introduced into existing breeding sites 
(Schlacher et al. 2016). This approach is untested and it remains to be 
demonstrated that it would not cause undue depletion of MIF at harvest sites. 
It would only be an appropriate management action if supplemented prey was 
available to Hooded Plovers for a meaningful period of time, and other species 
were not denied a prey resource at the harvest sites (Schlacher et al 2016). 
 
4.6 Conclusions 
 
This study has reinforced the standardised sampling methods used to sample 
MIF of high-energy sandy beaches.  
 
Hooded Plover foraging was influenced by a range of environmental and 
demographic variables, and spatially and temporally variable prey resources. 
Counter to prevailing ideas, this study emphasises the importance of all levels 
of the beach to Hooded Plover foraging and prey, and that foraging occurs at 
all stages of the tidal cycle.  
 
Few habitats have such clear cut and direct impacts associated with climate 
change, as is predicted for sandy shores via sea-level rise (Jones et al. 2007). 
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An enhanced understanding of the foraging of obligate sandy shore 
vertebrates will underpin any efforts to retain these species in the wild. One 
proposed strategy to limit the impacts of climate change on fauna is to alleviate 
the effects of other threats, thus promoting resilience (Williams et al. 2008). 
Ensuring Hooded Plovers have adequate access to suitably abundant prey is 
a key underpinning of resilience.  
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